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ABSTRACT
Additive manufacturing (AM) or 3D printing may be used to fabricate synthetic artery for
use in, for example, coronary artery bypass surgery. Structurally, the artery comprises the
intima layer and two other layers. Thus, we have suggested that a novel approach is to
use different AM methods to fabricate the different parts of the artery and to devise a way
to suitably join them. In the present work, we concentrated on the fabrication of a thin
polymeric tubular structure that would mimic the intima. None of three in-house AM
machines produced such a structure with the requisite thickness (0.074 mm).
Thus, a novel device was designed to produce the aforementioned structure from a
polymer solution. The combination of 15% polymer solution and rotational speed of the
collector rod (a device part) of either 50 rpm or 75 rpm produced a structure with the
requisite thickness and acceptable tensile properties.
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CHAPTER 1
INTRODUCTION
1.1 Background
Additive manufacturing (AM) is a manufacturing technique in which layers of a material,
such as polymer, metal, and ceramic powders, liquids, or living cells, are deposited on
one another to produce a three-dimensional structure [1]. With the current printing
materials, properties of AM products are comparable to those obtained using traditional
subtractive manufacturing techniques [2]. Nowadays, AM is used to fabricate
replacement parts for many parts of the human body, such as cutting guides used in hip
replacement and knee replacement surgeries, and dental implants [3,4].
Arteriosclerosis is a cardiovascular disease in which the arterial wall thickens and
toughens [5,6] due to the deposition of fats, cholesterol, and other substances (plaques) in
the artery walls. Many times, the thickening and toughening become so volumetric that it
blocks the arterial lumen. There are various techniques for the treatment of this condition
such as angioplasty, endarterectomy, and thrombolytic therapy. However there is another
method of treatment for this condition, which is coronary artery bypass grafting (CABG).
CABG is ultimate method of treatment in case the pre-stated method of treatment does
not work. In this procedure, surgery is performed to by-pass the section of the damaged
vessel. In the US, about 400,000 surgeries related to CABG are performed every year [7].
Blood vessels required to replace the damaged vessel could be taken from other
location(s) of the body (usually, the saphenous vein or the internal mammary artery) or
by using artificial blood vessel tubes (made from polymers that are approved by the Food
and Drug Administration (FDA)). There could be complications when a patient’s
1

saphenous vein or internal mammary artery is used. For example, if the patient has
already suffered from another peripheral vascular disease requiring bypass, then it is
impossible to use those vessels for replacement [8]. With regard to use of a synthetic
material, only large-diameter vessels (> 6 mm internal diameter) have been successfully
implanted [9]. This is because in small-diameter vessels, the flow is low and and the
resistance is high, making the site prone to thrombosis [9]. This means that there is
opportunity to develop new materials and fabrication methods for synthetic replacements
of arteries.

1.2 Gap and Motivation
Many of the recent research work in synthetic replacements of blood vessels involves the
three-dimensional (3D) printing of polymeric (biodegradable and bioresorbable)
scaffolds. However, the use of an AM technique to fabricate a blood vessel presents two
major challenges. First, the technique should be capable of producing a structure with
dimensions in the range of micrometers (<100 μm). Second, the structure must be porous
but must not leak. Third, a human blood vessel consists of three different layers (namely,
tunica intima, media, and adventitia), each its own unique set of characteristics. This
means that it may not be possible to fabricate a blood vessel scaffold using a single AM
technique. There are many techniques available for fabricating scaffolds in general, such
as foaming, phase separation, electrospinning, micro stereolithography (STL), and fused
deposition modeling (FDM) [8]. Electrospinning may be a suitable technique for the
production of a blood vessel scaffold. Among its attractions is the fact that the resulting
fiber may have a diameter similar to that of specific extracellular matrix (ECM)

2

microstructure and predominantly higher-order collagen microfibrils [10]. However, a
limitation is that deposition of fiber in electrospinning cannot be controlled; as such, this
manufacturing technique cannot be used to manufacture the intima of a blood vessel, for
example. In light of this limitation, a concept has been proposed to fabricate a complete
blood vessel scaffold through a hybrid multiple-step AM technique.

1.4 Study Purposes
A concept has been proposed to fabricate a complete blood vessel scaffold through a
hybrid multiple-step AM technique. The present project is the first stage in the proof of
this proposed concept. There were three study purposes. First, to investigate the
feasibility of using a commercially-available AM machine to print scaffolds that mimic
the media and adventitia layers. Second, to develop a novel concept of an AM method for
fabricating a thin polymeric tubular structure whose thickness and tensile properties are
comparable to those of the intima layer, and to demonstrate the proof of this concept.
Third, for this novel method, to determine the influence of two process variables on the
thickness and tensile properties of the structure.
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CHAPTER 2
BACKGROUND
2.1 Extracellular Matrix of Blood Vessel
A blood vessel is a tubular structure that carries blood to tissue and organs. There are
three main types of blood vessel in a human body: artery, capillary, and veins. These
have their specific functions: an artery carries blood away from the heart, a capillary
enables the exchange of nutrients and chemicals between blood and tissues, and a vein
brings the blood back to the heart.
Blood in the artery is saturated with oxygen, which used for pulmonary and systemic
circulation. Nutrients, oxygen, water, and other chemicals are exchanged through the
permeable endothelium of the capillary. A blood vessel is porous; thus, it helps to carry
and transfer the immune cells to the site of injury or recovery through its wall. It can also
increase or decrease the flow rate, thereby regulating the temperature of the body.

Figure 2.1. Extracellular matrix of a blood vessel [11]

The ECM of a blood vessel consists of three layers: tunica intima, tunica media, and
tunica externa or adventitia (Figure 2.1) [12]. Lumen is inner tubular space or hollow
4

space where the blood flows; it is surrounded by endothelial cells. These cells are the
ones that interact with the blood in the vessel. A layer of internal elastic membrane, also
called the internal elastic laminae, surrounds the endothelial cells, which act as scaffold
keeping all the cells intact in its position. The combination of endothelial cells and the
internal elastic lamina is termed as tunica intima. Smooth muscles cells (SMCs) and
elastic laminae surround the tunica intima, which is known as tunica media. Tunica
media in the artery is thicker than that of vein as it contains elastin protein. The outermost
layer of the blood vessel is tunica externa or adventitia; it surrounds the layer of tunica
media. Tunica externa is composed of thin layer of loose connective tissue made of
fibroblast, and collagen.

Figure 2.2. Principal arrangement of SMC and elastic laminae in elastic artery [13].

5

Collagen and elastin are the main protein constituents of blood vessels, making the vessel
elastic and strong. Collagen is hard, insoluble, and fibrous and is the most abundant
protein in the human body. The arrangement of SMC and elastin is in the form of a
herringbone pattern in elastic artery. This herringbone pattern is formed since each SMC
and elastic laminae have a spiral pattern of a different pitch, which, when combined, form
the pattern for the structure of the blood vessel [13]. If the pitch is high (like in A and D)
(Figure 2.2), the arrangement thus formed is longitudinal and, if the pitch is low, (like in
B and C) (Figure 2.2), then the arrangement is traverse. When these different layers of
SMCs and elastic lamina are arranged to form a single blood vessel, then the final
arrangement is in the form of the herringbone pattern. This pattern provides mechanical
strength and elasticity to the blood vessel.

2.2.1 Tunica Intima
The tunica intima consists of endothelial cells and is supported by an internal elastic
lamina. It controls the blood flow in the lumen, and also performs other functions, such as
platelet activation, adhesion and aggregation, leukocyte adhesion, and SMC migration
[14]. The intima is thinner and smoother than the other two layers of the blood vessel.
The fabrication of a layer of intima is essential for an artificial graft. Nemeno-Guanzon et
al. stated that lack of endothelial cells on the surface of synthetic graft contributes to
thrombogenicity and promotes intimal proliferation within the graft [14]. Herring et al.
explained the same scenario. In this study, 12 dogs were given an implant where
infrarenal aorta was replaced with DeBakey Dacron grafts. For half of the dogs, the graft
was seeded with endothelial cells and for the other half, the implant was given without
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endothelial cell seeding. The grafts were removed after a specific time frame, and a
comparative study was carried out which showed that the percentage of clot-free surface
was higher in seeded graft than unseeded graft [15]. This early study showed the
importance of the intima layer in an artificial graft.
The thickness of intima layer is in order of microns. Santhiyakumari et al. reported that
the intima-media thickness for carotid artery of healthy subjects as follows: for age and
sex group 21-30 years (male, M), 31- 40 years (female, F), 41-50 years (M),
51- 60 years (F), and 61-70 years (M): 0.28 ± 0.05, 0.41 ± 0.02, 0.47 ± 0.01, 0.54 ± 0.01,
0.59 ± 0.02 microns, respectively [16]. Myredal et al. used a high-frequency ultrasound
technique to investigate intima thickness on 46 healthy human subjects in the age group
of 60 ±10 years and sex distribution of female to male of 19/27 [17]. The intima layer
thickness was determined to 0.074 ± 0.015 mm.

2.3 Viscoelastic Behavior of a Polymer
A pure elastic material does not dissipate energy when subjected to the load, but a
viscoelastic material loses energy when the load is applied. When the load is applied to a
viscoelastic material, its molecular structure is rearranged. Creep and stress relaxation are
deformational responses obtained in a polymeric member, as a consequence of the
structural rearrangement. The former response is the time-dependent increase in strain, at
constant stress, while the latter is the time-dependent decrease in stress, at constant strain.
Many polymers, such as the ones used in fabrication of a blood vessel, are regarded as
linear viscoelastic materials. A summary of the use of models to analyze the mechanical
behavior of a linear viscoelastic material is now given.
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2.3.1 Viscoelastic Models
A linear viscoelastic model consists of two elements linear spring (Figure 2.3) and
viscous dashpot (Figure 2.4).
For a linear spring, stress (𝜎) and strain (𝜀) are related thus
𝜎 = 𝑅𝜀

(1)

where R is linear spring constant or modulus of elasticity.

Figure 2.3. A linear spring.
For a dashpot, stress and strain rate are related thus:
𝜎=𝜂

𝑑𝜀
𝑑𝑡

= 𝜂𝜀̇

(2)

where η is the coefficient of viscosity.

Figure 2.4. A viscous dashpot.

The Maxwell model is a two-element model that contains a linear spring and a linear
viscous dashpot in series (Figure 2.5). ε1 and ε2 represent the strain at the dashpot and the
spring, respectively, and ε is the total strain for the model. So, the stress-strain relation for
the spring and the dashpot is given by Equation (3) and (4).
𝜎 = 𝑅𝜀2

(3)

𝜎 = 𝜂𝜀̇1

(4)
8

Figure 2.5. Elements of the Maxwell model.
As the spring and the dashpot are connected in series, then the total strain generated on
the model is equivalent to the sum of strain generated on spring and dashpot individually.
𝜖 = 𝜖1 + 𝜖2

(5)

Thus, the strain rate is given by Equation (6)
𝜖̇ = 𝜖̇1 + 𝜖̇2

(6)

Substituting the individual strain rate from Equation (6) with Equation (3) and (4) gives
𝜎

𝜎̇

𝜂

𝑅

𝜀̇ = +

(7)

If the Maxwell model is subjected to a constant strain εo at time t = 0 for which initial
value of stress is σo, then the stress response could be obtained by integrating
Equation (7) to give
𝜎(𝑡) = 𝜎𝑜 𝑒

𝑅𝑡

−( 𝜂 )

(8)

Another model is generalized Maxwell model, which is obtained by summation of
Equation (8) with other Maxwell model giving
𝜎(𝑡) = 𝜎𝑜 (𝑒

𝑅 𝑡

−( 𝜂1 )
1

9

+𝑒

𝑅 𝑡

−( 𝜂2 )
2

)

(9)

The Kelvin-Voigt model is another model for a linear viscoelastic material. It is also a
two-element model containing a linear spring and a linear dashpot connected in parallel
(Figure 2.6). The stress-strain relation for the spring and the dashpot in the Kelvin-Voigt
model is given by Equations (10) and (11), respectively, where ε is the total strain.
𝜎1 = 𝑅𝜀

(10)

𝜎2 = 𝜂𝜀̇

(11)

Figure 2.6. Elements of the Kelvin-Voigt model.

Linear spring and dashpot are both connected in parallel so; the total stress is equivalent
to the sum of individual stress on spring and dashpot. Therefore
𝜎 = 𝜎1 + 𝜎2

(12)

Eliminating σ1, and σ2 in Equation (12) with Equations (10) and (11) gives
𝑅

𝜎

𝜂

𝜂

𝜀̇ + 𝜀 =

(13)

The Kelvin-Voigt model only describes creep and does not describe stress relaxation.
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The Burger model (or Burger’s four-element model) is a combination of the Maxwell
model and the Kelvin-Voigt model connected in series (Figure 2.7). It has two Hookean
springs and two Newtonian dashpots.

Figure 2.7. Elements of the Burger model [18].

For the Burger model, the total strain at a time is the sum of the strain of three elements
[19].

Figure 2.8. Elements of the Burger model and associated model parameters [20].

Let us consider that the total strain for the model in Figure 2.8 is given by sum of
individual strains of each element 𝜀1 , 𝜀2 , and 𝜀3 , as shown in Equation (14).
𝜀 = 𝜀1 + 𝜀2 + 𝜀3

(14)

From Equations (1) and (2)
𝜀1 =

𝜎

(15)

𝑅1
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𝜀̇2 =

𝜎

(16)

𝜂1
𝑅2

𝜀̇3 +

𝜀
𝜂2 3

=

𝜎

(17)

𝜂2

Total strain is the sum of the immediate elastic strain or instantaneous elasticity that
appears instantly after loading and is gone after the load is removed (𝜀1 ); irreversible
creep strain in the element once it is subjected to constant stress (𝜀2 ); and, the delayed
elasticity that increases under the applied stress, and is recovered once the stress is
removed and the element is kept unloaded for an indefinite period of time (𝜀3 ) [20].
𝜂1

𝜎+(

𝑅1

+

𝜂2
𝑅2

+

𝜂3
𝑅3

) 𝜎̇ +

𝜀 = 𝜀𝑜 𝐻(𝑡),

𝜂1 𝜂2
𝑅1 𝑅2

𝜎̈ = 𝜂1 𝜀̇ +

𝜀̇ = 𝜖𝑜 𝛿(𝑡),

𝜂1 𝜂2
𝑅2

𝜀̈ = 𝜀𝑜

𝜀̈

(18)

𝑑𝛿(𝑡)
𝑑𝑡

where H(t) and δ(t) are the Heaviside and Dirac delta Functions, respectively.
Thus, Equation (18) becomes
𝜎 + 𝑝1 𝜎̇ + 𝑝2 𝜎̈ = 𝑞1 𝜀𝑜 𝛿(𝑡) + 𝑞2 𝜀0

𝑑𝛿(𝑡)

(19)

𝑑𝑡

where
𝑝1 =

𝜂1
𝑅1

+

𝜂1
𝑅2

+

𝜂2
𝑅2

,

𝑝2 =

𝜂1 𝜂2
𝑅1 𝑅2

𝑞1 = 𝜂1 ,

,

𝑞2 =

𝜂1 𝜂2
𝑅2

Taking the Laplace transform of Equation (19) gives
𝜎̂ + 𝑝1 𝑠𝜎̂ + 𝑝2 𝑠 2 𝜎̂ = 𝑞1 𝜀𝑜 + 𝑞2 𝜀𝑜 𝑠

(20)

Solving for 𝜎̂ from Equation (20) gives
𝜎̂ =

𝜀𝑜 (𝑞1 +𝑞2 𝑠)

(21)

1+𝑝1 𝑠+𝑝2 𝑠 2

The stress relaxation is obtained by expanding Equation (21) by partial fractions and
performing the inverse Laplace transformation to yield
𝜎(𝑡) =

𝜀𝑜
𝐴

[(𝑞1 − 𝑞2 𝑟1 )𝑒 −𝑟1 𝑡 − (𝑞1 − 𝑞2 𝑟2 )𝑒 −𝑟2 𝑡 ]
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(22)

where
𝑟1 =

(𝑝1 −𝐴)
2𝑝2

,

𝑟2 =

(𝑝1 +𝐴)
2𝑝2

,

𝐴 = √𝑝12 − 4𝑝2

Thus, if all the parameters in Equation (22) could be determined, then the calculation of
viscoelastic properties could be performed according to the Burger model using
Equations (23) – (26) in stress relaxation.
𝑅1 =
𝑅2 =
𝜂2 =

𝑞2

(23)

𝑝2
𝑅1 𝜂12

𝑝1 𝑅1 𝜂1 −𝜂12 −𝑞2 𝑅1
𝑞2 𝑅2

(24)
(25)

𝜂1

𝜂1 = 𝑞1

(26)

The viscoelastic properties in terms of two elements for coefficient of viscosity (𝜂1 , 𝜂2 )
and two for modulus of elasticity (𝑅1 , 𝑅2 ) could be calculated from these relationships.
These models allow the calculation of coefficient of viscosity (two elements) and
modulus of elasticity (two elements). This will give the models for viscoelastic properties
for the material. The linear viscoelastic model could be calculated from Equations (8), (9)
and (22) using the Maxwell, generalized Maxwell, and Burger models, respectively.
There is another way to determine the four coefficients for viscoelasticity of the material.
This involves the creep testing of the material and analysis of the stress and strain curves
which, in turn, gives all the required coefficients (Figure 2.9) [21].

13

Figure 2.9 Example of creep plot and parameters that govern each region [21].

Four model parameters are involved in creep, that is, R1, R2, η1, and η2.
R1 and R2 represent an elastic parameter, whereas η1 and η2 are the coefficients of
viscosity. R1 shows the instantaneous elastic response, and η1 is the unrecoverable strain
response and the continuous creeping behavior in the long term. R2 and η2 reflect the
transient region of the creep curve, where R2 is related to the magnitude of strain, while
η2 reflects the duration of the transient region [21].
To summarize, the preceding paragraphs contain brief descriptions of techniques that
could be used to analyze the viscoelastic behavior of a polymer for fabricating a blood
vessel scaffold, when the polymer is considered as a linear viscoelastic material.
However, if it is considered nonlinear elastic material, then, other approaches, such as
Fung’s theory of quasilinear viscoelasticity and the eight-chain model developed for
rubber elastomer, may be used for the analysis [22].
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2.4 Additive Manufacturing Techniques
AM starts with a 3D computer-aided drawing (CAD) model of the geometry of the object.
The digital representation of this geometry is sliced virtually into layers. This slicing of the
model can be done in two ways; namely, slicing with uniform thickness and adaptive
slicing by a computer software [14]. The information regarding the geometry is fed to the
AM machine. Essentially, AM is layered manufacturing, in which a subsequent layer is
added to the existing layer. AM can be used to produce a part with complex geometries.
Components and structures fabricated using AM have strengths that are 3-5 times greater
than the same products fabricated using subtractive manufacturing techniques [23]. AM
promises efficient use of material (by reducing waste), with an additional opportunity of
reverse engineering with optical scanning (3D scanner) and computed tomography scan
[24]. During the early development phase, AM was used to produce polymer prototypes
but in recent years, it has extended to production using other materials, such as ceramics,
metals, and composites [25] [26].
AM has been used in a vast number of industries (Figure 2.10) for a variety of applications,
such as manufacturing of lightweight machines, development of architectural models, and
fabrication of parts for repair and replacement of damaged human tissues [27]. In tissue
engineering applications related to blood vessels, a large collection of AM techniques is
used, among which are fused deposition modeling (FDM), stereolithography (SL),
selective laser sintering (SLS), and Polyjet Technology. Some key features of these
techniques are described in the sub-sections that follow.
.
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Figure 2.10. Use of additive manufacturing technology worldwide in 2016 [28].

2.4.1 Fused Deposition Modeling
Fused deposition modeling (FDM) is an extrusion-based AM technique, in which a
thermoplastic filament is heated up to its melting point and then extruded layer by layer
(Figure 2.11). First, the filament is fed to the printer head. The printer head contains
roller, liquefier or extruder, and nozzle. The filament is passed through the roller and,
then, the roller pulls the filament and feeds the filament inside the liquefier. A liquefier
heats the filament up to its melting point and is extruded through the nozzle tip layer by
layer. This layer-by-layer printing process continues until the whole object is printed.
This method has been used to produce scaffold architecture for tissue engineering
applications. This scaffold had a honeycomb-like pattern and a fully interconnected
channel network, which allowed porosity and channel sized to be controlled [29].
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Figure 2.11. Schematic drawing of an FDM machine [30].

2.4.2 Stereolithography
Stereolithography (SL) is an AM technique that uses ultraviolet (UV) light to solidify a
photosensitive monomer resin layer-by-layer to form the 3D object. SL is based on the
principle of photopolymerization (Figure 2.12). The SL machine includes a build
platform that contains a vat of resin. The STL file format defines each layer; the UV
light is applied to the resin as the information in STL file. It then cures the layer in the
platform, and when the first layer solidifies the build platform is lowered, the build layer
is coated with liquid resin. The resin is then again cured, which gives a second
consecutive layer. This process repeats until the job is completed and the final product is
achieved. The thickness of each layer and the resolution depend on the type of equipment
used [23]. Usually, when the job is completed, the conversion of a reactive group of the
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resin is incomplete, so post-curing with UV light is used to improve the mechanical
property of the object. SL has excellent accuracy and resolution and, as such, can work
with polymers, ceramics, composites, hydrogel, and cells, which makes it useful for
many biomedical applications [31].

Figure 2.12. Schematic diagram of the principle of stereolithography [32].
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2.4.3 Selective Laser Sintering
Selective laser sintering (SLS) is an AM technique that uses a CO2 laser to sinter or fuse
powdered material. It begins by slicing the 3D CAD data into a thin cross-section of
layers in STL file, which is then transferred to the SLS machine. Initially, the leveling
roller spreads the thin layer of powder to a powder bed and the laser traces the crosssection as per the information on the STL file. As the laser scans the surface, the material
gets heated and fuses together. Once the first layer is complete, the powder bed is
lowered, making room for the next layer. Additional powder is introduced into the
powder bed and rolled out again and the process repeats unless the part is complete. SLS
may be used with polymers, ceramics, and composites [31]. SLS was used with
polycaprolactone to fabricate cylindrical porous scaffolds with 3D orthogonal periodic
porous architecture [33].

2.4.4 PolyjetTM Technology
Polyjet is an inkjet-based AM technique that uses a print head to deposit photo-curable
polymer, resin, or wax. This system uses a printing head and a platform. The printing
head contains the jetting head and the UV light source. First, the CAD model is converted
to the STL file, which is fed to a multijet printer. The printer then lays the first layer on
the build platform, this layer being a tiny droplet of UV light-curable resin [34]. The
movement of the print head is divided into two steps for each layer. During the first scan
or movement, the printer lays the layer of resin, and, in the second scan, the UV light
source, which is attached to the head of the device, cures the resin. After completion of
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the layer, the build platform moves down, and another layer of resin deposits above the
previous layer. The whole process repeats until the fabrication of the part is complete.

2.4.5 Comparison of Techniques
Comparison of some parameters of AM techniques and machines used in the fabrication
of vascular structures is presented in Table 2.1. Among these techniques, use of
Objet 500 Connex and Objet Connex machines has shown good potential.
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Table 2.1. Comparison of some characteristics of AM technique and commerciallyavailable machines used for fabrication of vascular structures [35]
AM
Technology
3DP
FDM
FDM
SL
SL
SL
SL
SL
SL
MJ
MJ
MJ
MJ
MJ
MJ
SLS
SLS

Machine Model

Polymer

Z Printer 510
HP Designjet 3D
HP COLOR CE
709A
SLA 5000

ZP150 Cast
Clear ABS

Resolution
Comment
[µm]
100
Unsuitable
254
Unsuitable

ABS

WaterShed
WaterClear
EOS Max 600
Ultra
Accura
SLA 350
ClearVue
Prodways M120 FotoMed.LED.A
Formlabs Form 1 Flexible material
Formlabs Form 1
Clear resin
TangoPlus
Objet 500 Connex
FLX930
Objet260v Connex
VeroClear
Objet Connex
TangoBlack 95
Objet350 Connex
VeroWhite
ProJet 3000
EX200
Objet Connex
Heart Print Flex
EOS = Formiga
PA 2200/Nylon
P110
EOS = Formiga
PA3200 GF
P111
3DP
FDM
SL
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250

Unsuitable

n/a

Unsuitable

150

Unsuitable

16

Unsuitable

75
50
50

Unsuitable
Limited
Unsuitable

30

Good

16
100
28
30
32

Unsuitable
Limited
Unsuitable
Unsuitable
Good

100

Unsuitable

100

Unsuitable

3D-Printing
Fused Deposition Modelling
Stereolithography

SLS

Laser Sintering

MJ

Material Jetting (Polyjet)

2.5 Film Casting
Casting is the method of manufacturing an object by introducing or pouring the material
into a mold. Film casting method produces a thin layer of film from the plastic, usually
for biomedical application the polymers are used. There are various ways which could be
used for film casting.
One of the ways is to use molten polymer which is extruded through a coat hanger die
and is taken by rotating chill roll (Figure 2.13). The velocity of extrusion through the coat
hanger die is less than the rotating chill roller, which stretches the polymer. The molten
film in this process is suspended between extrusion die and the chill, is called web. While
the molten film is suspended its temperature decreases gradually and the melt solidifies
during the path in air. This film casting process has four fundamental steps: (i) extrusion
of the molten polymer through a slit die, (ii) stretching in air, (iii) cooling on a chill roll,
and (iv) eventually, stretching in the transverse direction under controlled conditions
[36]. The operating conditions for this method of fabrication are die-to-roll and draw-up
ratio [37] where the material flow govern the temperature profile. There are two types of
film casting methods: longitudinal stretching modeling and transverse stretching
modeling [38]. This process could be done under different conditions of mass rate,
drawing, and cooling.
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Figure 2.13. Schematics of extrusion based film casting apparatus [39]

Another way is to place the polymer mixture on the glass plate and swipe the film caster
with uniform gap to obtain a film of uniform thickness (Figure 2.14). This mixture is let
to dry at room temperature and finally the layer thin polymeric film is achieved [40]. A
study shows that different uniform thickness of polymer layer was obtained ranging from
50-200 μm after the evaporation of solvent[40].

Figure 2.14. Schematic representation of film casting method using film caster [40].
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Casting process for making the films has been introduced a lot before; however, later
using a solvent in casting was introduced. Solvent casting technology is a manufacturing
technique for production of thin film. The polymer used in solvent casting must be
soluble in solvent making a stable solution, which eventually must form the
homogeneous film and could be released from the casting support [41]. It has advantage
over other forms of fabrication technique by producing thin film of uniform thickness
distribution, maximum optical purity and extremely low haze [41]. Various studies have
also confirmed that this could be used for biomedical application. Additionally, a study
shows that solvent casting and particulate leaching produces scaffold with a good pore
interconnectivity with controlled composition, porosity and pore size [42]. This
advantage makes this technology viable in various biomedical applications such as
vascular application, bone tissue engineering and manufacturing of medical films.
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2.6 Electrospinning
2.6.1 Principle and History of Electrospinning
Electrospinning is a technique for manufacturing nanometer-diameter filaments of a
polymer. It uses an electrically charged jet of the polymer solution derived from the
VDC of a potential range between 10-40 kV [43]. Electrospinning consists of three
primary components: a polymer solution, a device for electrically charging, and a gap
between the capillary tip and a grounded collecting surface [44]. The high-power
potential is applied to the polymer solution opposite grounded collector. This enables
stretch of polymer solution forming a fiber, the solvent evaporates, and the polymer is
deposited on the collector. There are two setups for electrospinning; horizontal and
vertical. Electrospinning device must be loaded enough so that the continuous fiber is
obtained without disruption. The polymer solution used in this technique must have
suitable conductivity [45].
Use of electrospinning was first reported by Formhals in 1934 in a patent. In it, he
discussed the method to produce artificial filament (silk-like spun fiber) without using
pressure [46,47]. In 1939, Formhals tried to fluctuate and manipulate the electric
potential from 25-100 kV to the control the fiber diameter [48]. During this process,
Formhals produced artificial fibers by passing the solution with volatile solvent between
two oppositely charged conducting wire.
In 1964, Taylor produced a significant advance in the modeling shape. He found that
when an electric field is applied, a drop becomes unstable when the length of the droplet
exceeds 1.9 times the equatorial diameter [49]. When this drop becomes unstable, it
forms a conical structure, called the Taylor cone.
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In 1971, Baumgarten developed a way for photographing the electrospun fibers, proving
that only a single filament of fiber is spun even when we observe a cloud of filaments
with the naked eye. In the same article, Baumgarten explained the importance of
electrical conductivity in the electrospinning process. Furthermore, he also demonstrated
how the elecrospun fiber diameter is influenced by the solution viscosity, solution flow
rate, and voltage [50].
In 1993, Reneker and Doshi demonstrated that various synthetic or biopolymers could be
electrospun [51]. This led to the change in the way electrospinning is used in the
biomedical field [52].
Formation of nanofibers in electrospinning is created by stretching the polymer solution
in a single axis, which is a consequence of the fact that the solution used is viscoelastic
[53]. Prior to 2003, the thinnest possible fiber diameter generated from electrospinning
was of about 250 nm for ethyl-cyanoethyl cellulose from tetrahydrofuran solution under
optimized conditions [54]. However, nowadays, electrospinning can produce polymeric
fiber of diameter in the range from 50 nm to 5 µm [55]. Electrospinning has many
applications, but in the biomedical sector, it is mainly used for tissue engineering, drug
delivery, and wound dressing [56].

2.6.2 Steps in Electrospinning
There are four steps in electrospinning: launching of the jet, elongation of the straight
segment, development of whipping instability, and solidification into a fiber [9].
Electrospinning consists of a spinneret (capillary tube, needle, or pipette), which contains
the polymer solution or melt; it is at a high potential, and the collector is grounded. When
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the voltage is applied beyond its critical voltage; that is, when it overcomes the surface
tension of the solution or the melt, it starts to form the jet of fiber as it solidifies, which is
collected at the collecting plate [9,44,57].
The droplet at the tip of spinneret take a stable shape when the polymer solution is
electrically charged, this charge is near and up-to-the critical voltage potential. In the case
of inviscid, Newtonian, and viscoelastic liquids, a stable shape is formed only when
electric forces and surface tension are in equilibrium [58]. When the electrical voltage is
applied beyond the critical voltage, the droplet of the polymer changes the shape and
gradually develops a conical form [8,9,43,58,59]. The form is referred to as the Taylor
cone and has a half angle of 49.3o [58]. The Taylor cone is very important in the
electrospinning process because its presence denotes that the surface tension of the
polymer is affected by the voltage [4]. Beyond the critical voltage, this cone is unstable,
and a jet of fluid starts to develop from the tip of the cone [60]. While in the stage of jet
formation, the solvent from the solution sets to evaporate and the jet becomes more
viscous. It leads to a specific form of instability; that is, if the potential difference
between the gap is not sufficient, the continuous jet starts to break into the droplets, an
effect known as Rayleigh instability. In an electrospinning process, the fiber jet
undergoes the bending instability, which results in the deposition of fiber at the larger
cross-section area of the collector plate [53], which is a whipping instability. Whipping
instability forms when a potential difference is sufficient to overcome the viscosity. The
solvent evaporates during the instability phase. It sets the straight jet; the instability thus
formed has an amplitude which depends upon the material and the viscosity. In this way,
thin, dry fibers collect in collector rod.
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The diameter of polymer fiber usually depends on the properties of the solvent, the gap
distance, and the potential power [61]. Power potential exerts a strong influence on fiber
diameter, with fiber diameter decreasing with decrease in power potential. Nevertheless,
the voltage must be higher than the critical value; that is, the value of voltage in which
the solution atomize has to overcome the surface tension and viscoelastic properties of
the solution [37]. The geometry of a polymer formed by electrospinning has high surface
area-to-volume ratio [57] and high porosity with interconnected pores network [62]. This
latter property is beneficial for biomedical scaffold fabrication. A single jet of the
polymer solution is sometimes not suitable for producing a significant quantity of fiber
for an application; thus, many study have used porous hollow tubes to get multiple jets.
Therefore, one of the ways could be to increase the production of fiber by increasing the
tube length and number of tubes [57].

2.6.3 Electrospinning Parameters
The morphology and diameter of nanofibers made by electrospinning depend on various
parameters [63]. These parameters are: 1) intrinsic properties of the polymer solution,
such as type of polymer, molecular weight, viscosity or concentration, elasticity,
electrical conductivity, surface tension, and dielectric effect of the solvent; 2) processing
parameters, such as voltage, distance from nozzle to the collector, the feed rate of
polymer, and type of collector; and 3) ambient conditions, such as humidity,
temperature, and pressure.
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2.6.3.1 Polymer Solution Parameters
Polymer Solution Concentration
When the concentration of the polymer solution concentration is low, Rayleigh instability
will occur, and electrospray occurs rather than electrospinning. When the concentration
of the solution is high, then a mixture of beads and fiber is obtained from the collector
plate [64]. Thus. it is very crucial to work at the appropriate concentration. Only if the
concentration is suitable would a smooth continuous microfiber be achieved. However, if
the concentration is very high, then a nanoscale fiber would not be obtained. Solution
concentration also influences the viscosity of the solution, which means that the viscosity
of solution changes with the change in concentration of the solution. Fiber diameter
increases with the increase in polymer concentration (Figure 2.15).

Figure 2.15. Polymer concentration effect on fiber diameter of poly-L-lactide
(PLLA) [40]
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Molecular Weight
A smooth electrospun fiber is obtained when the molecular weight of the polymer is high;
but if the molecular weight is low, formation of fiber with beads will occur. Tan et al.
stated that non-uniform thread formed with lower molecular weight for polylactic acid
(PLLA) and, even with high molecular weight and low concentration of the polymer,
fiber with beads was observed [47].

Viscosity
When the viscosity of the polymer is low, a smooth and continuous nanofiber is not
obtained, whereas high viscosity results in the hard ejection of the jet from the polymer
[65] and formation of beads and beaded fiber are less likely to occur [66]. Thus, it is very
much essential to adjust the viscosity of solution so that it will give a smooth and
continuous nanofiber (Figure 2.16). Concentration, molecular weight, and viscosity of the
polymer are associated with each other; thus, a change in any one of these properties
leads to a change in the other properties, thereby requiring adjustments of one or more of
them. For example, when the concentration of the solution increases, the surface tension
of the solution decreases and the viscosity increases (Figure 2.17).
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Figure 2.17. Relation between solution
surface tension, concentration, and
viscosity of polyacrylamide (PAAm)
solution [67].

Figure 2.16. Effect of viscosity on fiber
diameter [50].
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Electrical conductivity
When electrical conductivity is high, there is higher charge distribution within the
solution, which results in stretching of solution during fiber formation. There is a
significant decrease in fiber diameter with the increase in electrical conductivity of the
solution (Figure 2.18).

Figure 2.18. Effect of conductivity to fiber diameter of PLLA solvent [61]
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2.6.3.2 Processing Parameters
Voltage
During electrospinning, a high voltage is maintained, but this high voltage has to exceed
the critical voltage. Only when the voltage exceeds the critical voltage will a Taylor cone
be formed, and the charged jet will eject [9,44]. The change in voltage has no dramatic
influence on fiber diameter, but it affects other factors, such as the mass of the polymer
from the tip, the elongation level, and the morphology of the jet (single or multiple jets)
[61], which, in turn, affects fiber morphology. Additionally, too high a voltage is not
desirable because it causes numerous jets to form, resulting in decrease in fiber
diameter [61].

Flow Rate
The flow rate of the solution must be maintained as low as possible so that the polymer
solution would get enough time for polarization [65]. If the flow rate increases, then there
is the possibility of formation of beaded fiber with thicker diameter [68] and the drying
time of the fiber before reaching the collector is shortened.

Type of Collector Plate
Every electrospun fiber is collected at the collector, which is also at the high potential
difference. There are various types of collector plates used during electrospinning,
including rotating drum collector, parallel electrode, drum collector with wire wound on
it, disc collector, an array of counter electrodes, blade placed in line, ring collector placed
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in parallel, and water bath [53]. The geometry of the collector plate plays a vital role in
the fiber distribution in an electrospun sample.

2.6.3.3 Ambient conditions
Ambient conditions have a marked influence on electrospun fiber morphology. While
producing ultrafine electrospun polyamide-6 fibers, Mituppatham et al. stated that the
increase in temperature of solution results in a decrease in fiber diameter with an increase
in deposition rate [69]. Humidity is another factor that affects the morphology. If it is
low, then it will dry the solvent rapidly, which means an increase in the rate of solvent
drying. However, if the humidity is high, then it results in increase in diameter fiber and a
low stretching force within the fiber. Additionally, according to the chemical nature of
the polymer, humidity makes the nanofiber thicker or thinner [70]. Casper et al. stated
that in an atmosphere where humidity is less than 25%, there is the production of smooth
fiber with no surface features. However, when humidity exceeds more than 30%, pores
began to form on the surface of the fibers, but the fiber shape is not affected by the
humidity [71].
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2.7 Near-Field Electrospinning
Near-field electrospinning (NFES) is an AM technique for precise placement of
nanofibers. Electrospinning technique does not have control over deposition of the fiber.
However, NFES has good control over the fiber deposition (Figure 2.19). In NFES, the
distance between spinneret and collector is reduced to eliminate the bending instability
and splitting of the charged jet as of conventional electrospinning technique [72]. NFES
was first reported by Sun et al., in which a 25-m tungsten electrode was used to
fabricate a nanofiber of 50-500 nm with a minimum voltage of 600 V, and an electrodeto-collector distance of 500 micrometers [73].

Figure 2.19. Near-field electrospinning patterns (character, grid, and triangular) [74].

In NFES, the diameter of the fiber could be optimized by varying process variables, such
as polymer solution concentration, flow rate, spinneret-to-collector distance, and voltage.
Thus, process variables for NFES are similar to those for conventional electrospinning.
For example, with NFES, fiber diameter increases with increase in concentration of the
polymer solution, increase in the flow rate of the polymer solution, increase in the
spinneret-to-collector distance, and increase in voltage [74] [75].
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CHAPTER 3
MATERIALS SELECTION

3.1 Materials Selection
Selection of material for the application is one of the significant aspects of this project.
This project requires developing a novel AM technique for fabrication of the thin
polymeric tubular structure. The material thus selected must mimic the characteristic of
the part to which it has to work as a substitute. So, the material for fabrication of vessel
scaffold ideally should possess following characteristics [30]: 1) porous with
interconnected pores for cells growth and flow of nutrients, 2) biocompatible and
bioresorbable, with controllable degradation to match tissue replacement, 3) suitable
chemistry for cell attachment, and 4) appropriate mechanical properties. The part to be
fabricated is one that should mimic the intima of a blood vessel, which in a healthy
human subject, in the age group 60 ± 10 years, is 0.074 ± 0.015 mm thick [17].

3.2 Polymer Requirements
In recent years, various polymers have been successfully electrospun into nanofibers.
The present research project involved fabrication of a thin polymeric tubular structure for
use as part of a synthetic coronary artery. Thus, the material which will be used must be a
biopolymer, preferably bioresorbable, and mimic the structure and strength of the intima
[6]. Electrospinning produces thin fibers with large surface area-to- volume ratio.
This technique is straightforward, making it cost efficient for production of continuous
nanofibers. A wide variety and type of polymers could be used in this process and the
size and shape can be controlled to get suitable mechanical properties.
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Biodegradable polymers are classified into three significant types: 1) polyesters produced
by microorganisms; 2) natural polysaccharides and other biopolymers; and 3) synthetic
polymers, aliphatic polyesters [76]. Any polymer to be used in the body must be
biocompatible and biodegradable, as the scaffold must degrade and new tissues must be
regenerated [43,62]. This biocompatibility is dependent upon the chemistry and the
structure with the tissue to be restored and is influenced by its mechanical properties [7].
Any material to be used for the biomedical purpose must be selected based on structure
and array of properties, such as molecular weight, solubility,
hydrophilicity/hydrophobicity, lubricity, surface energy, and erosion mechanism [59].
Another essential criterion is that when the scaffold is fabricated from this polymer, the
scaffold must be able to maintain its 3D structure. It is a crucial aspect because the
scaffold or the structure that is built for in-vivo uses must be porous and interconnected
so that the exchange of nutrients through diffusion and growth of cell could be carried out
through these pores. If this 3D cannot be maintained, then there will be no exchange of
nutrients and new cell development and growth as the pores will be blocked. Thus, the
material polycaprolactone is selected for this study.
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3.3 Polycaprolactone
Polycaprolactone (PCL) is a simple linear synthetic aliphatic polyester. It has a melting
temperature of 55-60 oC, and glass transition temperature of -54 oC [77], and density that
ranges from 1.071-1.2 g cm-3 [78]. Its low glass transition temperature and melting point
makes it formable even at low temperature. At room temperature, PCL is soluble in
chloroform, dichloromethane, carbon tetrachloride, benzene, toluene, cyclohexanone, and
2-nitropropane, but it has low solubility in acetone, 2-butanone, ethyl acetate,
dimethylformamide, and acetonitrile [79]. PCL is a biocompatible and biodegradable
polymer, with degradation time of more than 24 months. It can be used in vivo for longterm implant devices. PCL is a highly elastic polymer, with high time of degradation and
appropriate mechanical properties (Table 3.1). High elastic properties have broadened its
range of application for use in tissue engineering.

Table 3.1. Properties of PCL and PGA [80,81]

Polymer

Melting
point
(oC)

PCL

58-63

Glass
Transition
temperature
(oC)
-65 to – 60

Tensile
modulus
(GPa)
0.4

Tensile
elongation
to fracture
(%)
300-500

Degradation
time
(mo)
> 24

Using PCL has advantages, such as it could blended with other polymers, such as PGA,
to improve crack resistance, dyeability, and adhesion [82]. A polymer, such as PGA
alone, goes to plastic deformation or failure if it undergoes repeated cyclic strain. Lee et
al. [83] reported that when PCL and PGA were synthesized by solvent casting and
particle leaching to form poly(glycolide-co-caprolactone) (PGCL), the elastic strength
was enhanced. The polymers thus synthesized has a uniform chemical composition with
38

consistent chemical composition. The blend of PGA with PCL seems more suited for
biomedical use in tissue engineering where the application is required for highly elastic
part replacement [84]. Even though the combination of PCL and PGA works better for
elastic part replacement, only PCL will be used in this project for fabrication of the thin
polymer tubular structure. This is because PCL is readily available and is inexpensive.

3.5 Polymer Solution
PCL could not be used directly for the tests; thus, we investigated for the solution with
which we could work. A solvent of acetone and acetic acid was used in this experiment.
Acetone and acetic acid are volatile organic solvents. The chemical formula for acetone
(Fisher Scientific, Fair Lawn, NJ) is C3H6OH and has a molecular weight of 58.08 g/mol.
It is a colorless flammable liquid. The chemical formula for acetic acid (Fisher Scientific,
Fair Lawn, NJ) is C2H4O2 and has a molecular weight of 60.05 g/mol. It is also a
colorless liquid but has a pungent/vinegar-like odor. PCL (Fisher Scientific, Fair Lawn,
NJ) is a biocompatible and biodegradable polymer that is soluble in acetone [79].
A solution of PCL was prepared with acetone and acetic acid, where the concentration
and viscosity of the PCL could be controlled easily. A solution of PCL was made where
the solvent was acetone and acetic acid. The solution made was in weight/volume
percent, this means that if a 10% (w/v) PCL solution must be prepared than 10 grams of
the PCL is dissolved in 100 mL of the solution. The combination of the solution will be
80% acetone and 20% of acetic acid. To calculate the amount of PCL needed in grams
could be calculated using following formula:
PCL in grams = (Percent desired) x (desired volume/100 mL)
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While preparing the solution, the weight of PCL was measured using a Mettler Toledo™
precision balance (Model: ME103E) and the volume of acetone and acetic acid was
measured using a pipette. Thus, the measured PCL and the solution was kept inside a
sealed bottle and stirred using a magnetic stir bar at a temperature of 40 oC. The solution
was prepared at two different concentrations, namely, 10% and 15%.

3.6 Material Properties
In this project, PCL was used for manufacturing the thin polymeric tubular structure that
should mimic the intima layer of a blood vessel. PCL shows viscoelastic behavior.
Whenever the polymer is used as an option of replacement, then this polymer must adapt
to the environmental condition where it is going to be replaced. This makes it very
important to investigate the mechanical properties of the material. For this the tensile test
of the specimen is performed after the fabrication. The findings form the tests are
discussed later in chapter 6.
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CHAPTER 4
DESIGNS OF COATING DEVICES
4.1 Design Concept
The conclusion drawn from the discussion given in Chapter 2 is that electrospinning may
be an appropriate technique for fabricating part(s) of scaffolds and grafts for the vascular
application. However, with electrospinning, the deposition of fiber cannot be controlled.
In addition, in the case of a blood vessel, the intima is smoother than the other two layers,
which cannot be produced by electrospinning. Consequently, a novel concept was
proposed in which different AM techniques may be used to fabricate different parts of a
blood vessel scaffold and, then, these parts could be suitably assembled. We designate
this novel approach a “hybrid approach”. The present project was the first stage in the
demonstration of the proof of this hybrid approach and it involved the fabrication of thin
tubular structure that should mimic the intima of a blood vessel.

4.1.1 Initial Concept
The original concept was to produce the thin polymeric tubular structure using a 3D
printing method. This method involved the heating of polymer up to its melting point and
introducing a rotating rod in the pool, which, when removed from the pool of melting
polymer will be left to solidify. The intima layer of the blood vessel is smoother than
other layers in the blood vessel. Thus, we expected this technique could produce a
structure similar to that of the smooth layer of the intima. Therefore, a device was built
(Figure 4.1 and 4.2) to control two-movement translation motion for entering and exiting
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the melting pool and rotation motion for adhering the liquid solution evenly in its
circumference.

Figure 4.2. Fabricated initial

Figure 4.1. Initial concept of
fabrication of polymeric tubular structure

device for production of polymeric
tubular structure

A hot water bath was used to heat the liquid polymer. Initially, for the preliminary test, a
small amount of PCL was heated inside the hot water bath. The temperature was
gradually increased to the melting temperature of PCL, which is around 60oC, but the
polymer started to melt at the temperature of 64 oC. Thus, the temperature was gradually
increased up to 76 oC, and visual inspections were made. This showed that the pool was
still too viscous and the experiment could not be carried on. Also, the device required 500
g of PCL for each trial, making the fabrication method very expensive. Even if the
consumption were reduced, this technique would be using pure PCL, which would still
make the process expensive. Accordingly, this fabrication method was abandoned.
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4.1.2 Current Concept
While melting the PCL, it was seen that the pool was very viscous; so, to reduce the
viscosity, a whole new technique was adopted that did not involve heating the polymer. A
solution of PCL was prepared, thereby allowing the concentration and viscosity of the
PCL to be controlled easily. A solution was made that comprised PCL, acetone, and
acetic acid. The solvent component was 80% acetone and 20% acetic acid, with the PCL
added as per required amount. In this way, the concentration of PCL could be easily
manipulated and can be used for the experiment. For this experiment, a few principles
were changed; instead of submerging or dipping the collector rod, the solution was
injected and withdrawn with the help of a syringe. The device was sealed during the
process when the polymer solution was in contact with the collector rod. Since this
method involved acetone, which has a high rate of evaporation, the container where the
solution was kept, was sealed. The whole system was designed so that the rate of
evaporation of the solvent could be reduced to a very large extent and the solution could
be used for an extended period. This new system reduced the amount of PCL used
compared to that used in the initial method.

43

4.2 Design Requirement
From this point on, the project involved fabrication of polymeric tubular structure using a
solution of PCL, acetic acid, and acetone (as outlined in section 4.1). Acetone and acetic
acid are volatile organic solvents, so after a while, these two evaporate, leaving behind
the PCL. Thus, the device should produce polymeric tubular structures repeatedly with
the same polymer. The design requirements were as follows:
1. It must use acetic acid and acetone, which is highly corrosive and volatile. Thus,
the material should be compatible with the chemicals to be used.
2. It should run on variable use specified angular speed (that is, at different
rotational speeds (revolutions per minute (rpm)).
3. It should be capable of fabricating a thin tubular polymer structure, having an
internal diameter of 4 mm.
4. The device should be able to restrict the loss of solvent due to its volatility.

4.3 Material Selection
Initially, the material selected to be used was acrylic and polycarbonate sheet. However,
both of these materials could not be used with acetone and acetic acid solution. It has
been stated that while using the acrylic with acetic acid and acetone at 20 oC, it was not
recommended for continuous use [85]. It could result in immediate damage, such as
cracking and permeation losses. Additionally, while using polycarbonate with acetone, it
has been recommended that it should not be used [86] because of complete dissolution of
the polycarbonate and, hence, possibility of breakage. Aluminum (Al) and 316 stainless
steel were the other materials that were considered to be used for fabrication of the
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device. Al could be used with acetone and acetic acid at room temperature [87] [88].
Additionally, 316 stainless steel is compatible with both acetic acid at 80% concentration
and acetone [88]. Teflon is another material which is used in this device. It has been
observed that acetone and acetic acid have no effect on Teflon even after 30 days of
constant exposure as per Thermo Fisher Scientific [89]. Finally, polypropylene was also
used in the fabrication of the device. As stated by Industrial Specialties Mfg. & IS Med
Specialties (ISM), polypropylene works with acetone and acetic acid at any concentration
at room temperature [90]. Thus, the final materials used in fabricating the device were Al,
316 stainless steel, Teflon, and polypropylene.

4.4 Design
The device was divided into three major components: 1) driving mechanism, 2) polymer
solution chamber, and 2) entry/drain system. The driving mechanism consists of a stepper
motor and a driving shaft. The stepper motor used in this device is a National Electrical
Manufacturers Association (NEMA) 17 Frame Step Motor with integrated drives and
controllers. The stepper motor drives the driving shaft, which is connected to the
stainless-steel shaft inside the polymer solution chamber. The thin polymeric tubular
structure was coated on the collector rod. The entry/drain system is at the bottom of
polymer solution chamber; it consisted of a single pipe fitting, which allowed entry and
drainage of the polymer. A syringe was used to control the entry and drain of the
solution.
The selection of material for building this device was very crucial because the solution
consists of acetic acid and acetone as solvent. Acetic acid is corrosive, and acetone is
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volatile and flammable liquid. Thus, many common materials, such as mild steel, acrylic,
and polycarbonate, could not be used.
Initially, the polymer was prepared in a glass bottle at a required concentration and then
poured into a syringe. The syringe was connected to the entry/drain pipe, which was
situated at the bottom of the solution chamber. A 316 stainless steel rod, 4mm in
diameter, was placed between the driving shaft and the Teflon holder, which is at another
end of the solution chamber. The chamber was covered by an acrylic lid. Acrylic was
used for the lid for this device because it does not come in direct contact with the
solution, and, therefore, there is no possibility of damaging the cover. The stainless-steel
rod must rotate in this machine, so it was connected to the driving shaft, which was also
made from stainless steel to prevent corrosion and rust. The driving shaft was sealed
using a simple O-ring and rotation was achieved just by slipping of the driving rod over
the Teflon in-casing. The other end of the driving shaft was connected to the stepper
motor, which drives all the rotational mechanism in the device. The angular speed and
micro-steps were manipulated and controlled using the stepper motor. Figure 4.3 shows
an isometric view of the designed device and Figure 4.4 shows a schematic drawing of
the collector rod.
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Figure 4.3 Isometric view of the device

Figure 4.4. Schematic drawing of the collector rod
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4.4.1 Driving mechanism
The driving mechanism drives the shaft inside the polymer chamber. NEMA 17 Step
Motor drove this system, providing rotation of the shaft that is connected to it. The step
motor was from ANAHEIM AUTOMATION, which has integrated drives and
controllers. This stepper motor could be guided at variable micro-step resolution. This
stepper motor has 1.8o-step angle, which gives 200 steps per revolution [91]. In this
experiment, divisor 4 as stated in software’s workbench (Figure 4.6) was chosen, which
means that 800 micro-step for 200 step per revolution was selected, which is the
resolution for the stepper motor. Resolution of the position of the stepper motor increased
with the increase in step angle. It is a high-torque and 12-24 V direct current motor. This
device was connected to an SMPG-SMSI Software of Version 2.03, which controlled it.
It was connected to the software through an RS-485 communication cable. The wiring
system for this stepper motor is shown in Fig. 3.2. Eventually, the stepper motor was
directly connected to a stainless steel driving shaft, which drove the collector rod inside
the polymer chamber. A cylindrical groove was cut at one end so that the collector rod
could be placed on the driving shaft. The RPM was selected by defining the appropriate
max speed on the software workbench titled ‘Send Max Speed’.
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Figure 4.5. The wiring diagram for 17MDSI step motor [91]

49

Figure 4.6. The work Bench for SMPG-SMSI software package
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4.4.2 Polymer Solution Chamber
This chamber was the place where the coating of the PCL took place. The PCL was
deposited in this chamber and was eventually drained after the coating in the collector rod
was finished. This chamber contained the polymer solution while printing, and it was the
only place where the polymer solution was exposed for evaporation. On the other hand,
the solution is corrosive and flammable; thus, the chamber was made from an Al block,
which measured 165 mm long, 18 mm wide, and 25 mm thick. Along the length of the
chamber, there was a driving shaft at one end and a Teflon stand, which worked
equivalently as a slip bearing and locking mechanism for the collector shaft, at the other
end. The collector rod was made of 316 stainless steel and was 4 mm in diameter. At the
driving shaft end, the polymer chamber was sealed by a Teflon O-ring, which sealed the
chamber and also allowed the driving shaft to rotate by sliding. The lid for the chamber
was made from Plexiglass acrylic. This was because the cover did not touch the solution
and was transparent so that one can observe inside the chamber during a fabrication run.
At the end of the chamber, a pipe fitting was connected, which controlled the flow of the
polymer solution inside the chamber.
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4.4.3 Entry/Drain System
This system controlled the inflow and outflow of the polymer solution within the
chamber. Single pipe fitting was connected at the bottom of the polymer solution
chamber, which allowed both entry and exit of the polymer solution. The pipe fitting was
attached to a syringe through a polypropylene tube. The syringe controlled the flow of the
solution and prevented the solution from evaporating. For most of the time, the polymer
solution was inside the syringe, and, when required, it was injected into the chamber and
withdrawn manually.
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CHAPTER 5
FABRICATION OF STRUCTURE AND EXPERIMENTAL
INVESTIGATIONS
5.1 In-House AM Machines
In the first fabrication trials, it was attempted to print the thin polymeric tubular structure
using in-house (commercially-available) AM machines that, in the literature, were
identified as being suitable for vascular scaffold/graft applications. In a blood vessel,
layers of SMCs and elastic lamina are arranged in the spiral pattern, each with a different
pitch, which eventually makes a herringbone pattern [13]. A section of herringbone
pattern was considered, and a pattern was created. The pattern was created as a
rectangular block for the ease of designing and printing. This was done in order to figure
out whether any in-house AM machine could print the dimension up-to 100 m. For
mimicking the scaffold structure, the rectangular blocks of the size of 1 mm x 1 mm was
kept parallel with each other at the same distance of the block size and a certain angle;
the angle will work in the same way as the pitch in a spiral pattern, which keeps SMCs
and elastic laminae apart. Nine layers of the block were designed, with each layer having
a rectangular block arranged in the opposite direction from the previous one. The pattern
was printed, and gradually, the size of the rectangular blocks was decreased. Each of the
patterns was visually inspected.
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Scaffold pattern size: 1 mm x 1 mm

Figure 5.1. Sample scaffold for printing using in-house AM machines

The scaffold was printed on three AM machines, which were available in-house. These
were MakerBot Z18 Replicator, Projet 1200, and Objet 30 which used FDM, Micro SL,
and Polyjet technology for printing, respectively. Table 5.1 shows all the information
regarding these in-house printers. As per the manufacturer rating, each of the machines
has a resolution equal to or less than 100 m.
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Table 5.1.

AM devices, with respective specifications

PROJET 1200

OBJET 30

Micro SLA

Polyjet 3D printing

43 x 27 x 180 mm

294 x 192 x 148.6 mm

30 m

28 m

UVcurable polymer

UV-curable polymer
[VeroWhitePlus
(RGD835)]

PRINTERS

MAKERBOT
Z18
REPLICATOR

Print
technology
Build
volume
(xyz)
Layer
resolution

Material

Fused Deposition
modeling
30.0 (L) x 30.5
(W) x 45.7 (H)
mm
100 m

Polylactic acid
(PLA) filament

[VisiJet® FTX Green]
[Tough, castable
polymer]

[Acrylic compound]
FullCure 705 non-toxic
gel-like photopolymer

Support
material
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5.2 Current AM Technique
5.2.1 Process Parameters
This project involved the investigation of the influence of two process parameters on the
thickness and mechanical properties of the fabricated thin polymeric tubular structure.
The two process variables were 1) the concentration of the polymer solution: 10 and 15
percentage wt/vol, with acetone and acetic acid solvent (80%, 20% respectively); and 2).
The rotational speed of the collector rod (50, 75, and 100 rpm).

5.2.2 Specimen Geometry
The manufactured tubular structure was let to dry, thereby leaving the layer dry and free
from the volatile organic solvents acetic acid and acetone. The layer was then separated
from the collector rod. Further, it was stored in a desiccators cabinet, which preserve the
sample from moisture. Additionally, the dog-bone sample was cut from the sample
fabricated. Dog-bone samples were cut from each of the layers using a die and surgical
scissors.

Figure 5.2. Dimensioned drawing of the dog-bone specimen [All the dimensions
are in mm].
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For the dog-bone specimens, the length of the gauge section was 7.5 mm, the width of the
gage section was 2.71 mm, and the thickness of the gage section was dependent on the
thickness of the printed layer.

5.2.3 Testing Protocol
All the polymer solutions for a single concentration was prepared at once on the same
day and it was used within three days after completely dissolving. All the batches of the
thin tubular structure produced were left to dry completely before recording the
thickness. Eventually, they were stored for at least 24 h inside a desiccator chamber so
that all the moisture is absorbed by the desiccants [92]. For recording the diameter, three
samples (i.e., a sample from 3 collector rods) were selected and measured at five different
places each (thus, n =15) for each rotational speed of the driving shaft (RPM). For the
tensile tests, 3 samples were taken and 7 dog-bone sample (n = 7) were cut from all those
test samples, and the test was carried for each RPM. The tensile test was done as per
instructions stipulated by American National Standard ANSI/AAMI VP20:1994 entitled
“Cardiovascular Implants – Vascular Graft Prostheses” [93] and the crosshead
displacement rate was 10 mm min-1 [94]. The stress-versus-strain results were smoothed
using a software package (Sigma Plot 12; Negative Exponential Smoother) and a
10th-order polynomial. Four tensile properties were determined from the stress-strain
results. These were 1) modulus of elasticity, which was the slope of the stress-strain
curve over the initial straight section; 2) the yield strength, which was the stress obtained
using the 2% offset method [89]; ultimate tensile strength, which was the maximum
stress obtained; and 4) the fracture strength, which was the stress at fracture point.
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5.2.4 Statistical Analysis
The IBM SPSS statistics tool was used to perform statistical significance tests. Since the
data samples were few (15 observations for thickness test and 7 observations for tensile
test), the non-parametric significance tests were applied. Mann-Whitney test was
performed by testing the significance for tensile tests, as there were only two independent
variables. On the other hand, Kruskal-Wallis significance test was performed for
thickness testing. The significance threshold of 0.05 was assumed for all significance test
analyses.

5.2.5 Structure Fabrication Device
The device that was designed for the fabrication of tubular structure must work under
certain criteria. For fabrication of the layer, solution concentration and rotational speed of
the driving shaft was varied, so these parameters must be checked before the start and at
the end of the fabrication process. All the tests were performed to verify the design of the
device and the fabrication process and also to evaluate the accomplishment of this
concept. Thus, few devices were used to determine and analyze the process parameters
and to determine the properties of the fabricated sample. This portion of the chapter
explains the testing apparatus that was used during manufacturing and testing of the
samples.
The dynamic viscosity of the polymer solution was measured using a rotational
viscometer. Rotational viscometer works on the principle of measuring the torque
required for the spindle to rotate, which is proportional or is a function of the viscosity of
that fluid sample. This device contains a servo motor/calibrated spring which could
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determine the viscosity of the fluid. When the spindle is immersed in the fluid and rotated
at a constant angular velocity (rotational speed), a certain amount of drag or shearing
action is generated on the spindle. It measures the torque generated and this torque is
converted to the dynamic viscosity, as the amount of torque generated is directly
proportional to the viscosity of the fluid. There are several designs of viscometer
available among which the most common viscometers are: rotating disk, coaxial cylinder,
cone and plate, and con-cylindrical types. The viscometer that was used in this
experiment is a rotational viscometer from Fungilab. This is a one-series viscometer
which records the viscosity in cP or mPa.s with % torque at various spindle speeds.
For this, the solution was prepared at different concentration in an 80-mL bottle. Initially,
the temperature of the solution was recorded using a bulb thermometer; then the spindle
(L2) was submerged inside the bottle containing the solution, and the measurement was
carried out. The viscometer then rotated the spindle in the solution, and the measurements
were taken in terms of cP for the viscosity and torque in percentage. For example, the
viscosity of 10% wt/vol concentration of the polymer solution, recorded at 24.5 oC, was
126.2 cP at 41.5% torque.
Angular speed of the driving shaft is another process parameter that was involved in this
experiment. It is directly proportional to the rotational speed of the connecting rod.
A tachometer tracked the rotational speed of the shaft. The tachometer used for this
project was a non-contact tachometer, made by EXTECH Instrument, and model number
is 461923. It uses a light source to measure the rotational speed. A reflective tape was
affixed to the rotating shaft, which is positioned as a target for the light source. It works
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on the principle of reflection of light; that is, it measures the rate at which the light pulse
is reflected. Thus, the speed of the shaft was measured as the rate of reflected light pulse.
This project aims to fabricate a thin tubular structure that mimics the intima layer; as
such, the thickness of the structure should be measured as accurately as possible. For this
purpose, an electronic digital micrometer was used. The structure was clamped within the
jaws of the micrometer, and the reading was shown on the display of the device. The
micrometer used was made by Mitutoyo with the model number ID-S1012EBS.
Test Resources tensile test machine (Model 220Q) was used to determine tensile
properties of the polymer layer, at a crosshead displacement rate of 10 mm/min.
The dog-bone sample was clamped between two G154 mechanical vice grips and then
drawn. One of the grips was connected to the load cell transducer, which recorded the
load applied to the dog-bone sample. The load cell has the static rating of 25 lb (110N).
Table 5.2 includes all the information regarding the testing apparatus used during the
fabrication process and testing of the samples.
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Table 5.2. Testing apparatus information
Testing Apparatus

Company

Model

Parameter
measured [unit]
Load vs.
displacement
(stress vs. strain)
Dynamic viscosity
[cPa]
Layer thickness
[mm]
Connecting rod
speed [RPM]
Temperature [oC]

Tensile test machine

Test
Resources

220Q

Viscometer

Fungilab

Viscolead One

Electronic digital micrometer

Mitutoyo

ID-S1012EBS

Tachometer

EXTECH
Instrument

461923

Mettler
Toledo™

ME103E

Mass [g]

Pyrex

7103C &
7085

Volume [mL]

Bulb thermometer
Precision Balance
Pipette
a

1cP = 0.01 Pa.s.

5.2.6 Experiment Procedure Steps
1. Initially, all the devices and containers were thoroughly cleaned and left to dry.
Figure 5.3 shows the printing device.
2. The polymer solution was prepared. PCL (Fisher Scientific, Fair Lawn, NJ) was
measured using the precision balance and the acetone (Fisher Scientific, Fair
Lawn, NJ) and acetic acid (Fisher Scientific, Fair Lawn, NJ) were measured using
a pipette. The solution was kept in a container and was stirred using a magnetic
stirrer.
3. While stirring, the solution was repeatedly heated in a hot bath at 40 oC. This
process of heating and stirring decreased the mixing time and made the solution
homogeneous.
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4. When the polymer was completely dissolved in the solution, the solution was then
allowed to cool at room temperature. This solution could be kept for days in a
sealed container.
5. All the readings during experiment procedure were done at room temperature.
6. Immediately afterwards, the solution was poured into the viscometer (FungiLab,
Viscolead One), and the viscosity was recorded.
7. The device was connected to the power supply and then connected to the SMPGSMSI software using RS 485 communication cable.

Figure 5.3. A photograph of the printing device
8. The polymer was loaded in a 60-mL syringe, which was then connected to the
entry/drain system of the device. At that point, the device was ready for a test run.
9. The send index number and micro-step resolution on the SMPG-SMSI software
were defined and then the motion was started. It resulted in rotation of the
collector rod through a driving mechanism. Initially, the rotational speed of the
shaft was checked using a standard rod made for investigating the RPM using a
tachometer. Note that parameters, such as ‘Send Index Number’ and ‘Microstep
Resolution’, have to be selected for their respective RPM. The parameters for
respective RPM are stated in Table 5.3:
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Table 5.3. Index number and microstep resolution for respective RPM
Send Index
Number

Microstep
Resolution

RPM

665
1000
1330
2000

4
4
4
4

50
75
100
150

10. The standard rod was changed with a collector rod and again “begin motion” was
clicked in the software.
11. When the collector rod started to rotate, the lid was kept over the polymer
solution chamber, and the polymer solution was injected from the syringe.
Polymer solution started to get collected in the solution chamber.
12. The solution was injected until the collector rod was completely dipped inside the
solution. The rod rotated for 2 min.
13. The polymer solution was withdrawn by pulling the plunger of the syringe. All
the solution was withdrawn from the chamber inside the syringe.
14. The lid was then removed, and collector rod was allowed to rotate for
20-25 min so that a part of acetone and acetic acid evaporated, leaving the PCL.
This is important because when the collector rod was removed from the device,
the integrity of the layer was not disturbed, making it easy to remove the rod
without affecting the layer.
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Figure 5.4. Photograph of the stand for the collector rods

15. The collector rod was then removed and was kept on the stand which was
fabricated to hold the polymer after fabrication. The layer was then allowed to dry
completely.
16. The layer of PCL was removed from the stainless rod; it was cut using a blade,
and then, removed gently so that the layer was not damaged.
17. The dimension was then measured using an electronic digital micrometer and was
transferred to a conical tube. The sample was then kept in a desiccator chamber
for at least 12-18 h that absorbed all the moisture content of the sample.
18. Then the dog bone sample was cut from each layer using a die and surgical
scissors (Figures 5.5 and 5.6).

Figure 5.5. Photograph of the die for the dog-bone samples
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Figure 5.6. Photographs of dog-bone samples

19. The tensile test was done from this dog-bone sample in a tensile test machine. All
the data were extracted and the four tensile properties were calculated.
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CHAPTER 6
RESULTS AND DISCUSSION
6.1 In-House AM Machines
MakerBot Z18 replicator has various settings for printing, but a high-quality print with
high resolution was set while printing the samples. The sample was printed at original
size, but the print was discontinuous. The dimension was then increased from 1 mm x 1
mm to 1.2 mm x1.2 mm, but still, the pattern obtained was discontinuous and warps were
seen near the edges. Thus, this machine did not work for the required dimension of the
samples and was deemed unsuitable to print scaffolds that mimic the media and
adventitia layers.

Warp

Figure 6.1. Scaffolds printed using Makerbot Z18 Replicator machine.

When Projet 1200 machine was used to print the samples, initially, the sample was
printed at its original size, that is, 1 mm x 1 mm, and the dimension was gradually
decreased to 0.7 mm x 0.7 mm. This device printed very well from original dimension to
0.8 mm x 0.8 mm, and there was not any problem, the block was intact, and the gap
between the rectangular block was also consistent. However, when it reached the size of
0.7 mm x 0.7 mm, the sample showed warp, distortion, and disintegration of the block
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(Figure 6.2). Thus, this machine did not work for the required dimension of the samples
and was deemed unsuitable for producing the scaffold.

Pattern size: 1 mm x 1 mm

Pattern size: 0.7 mm x 0.7 mm

Figure 6.2. Scaffolds printed using Projet 1200 machine

When Objet 30 machine was used, printing of the samples started precisely from the
point where the Projet 1200 could not print, i.e., from 0.7 mm x 0.7 mm. Oject 30 device
printed distinct and good samples; however, the support material must be removed from
the object printed using a water jet. The printing was done down to size of
0.4 mm x 0.4 mm. At this point, removal of the support material was difficult and the
object could not be cleaned using only a water jet. Discontinuity in the rectangular block
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also started to appear. Thus, this machine did not work for the required dimension of the
samples and was deemed unsuitable for producing the scaffold.

Pattern size: 0.7 mm x 0.7 mm

Pattern size: 0.4 mm x 0.4 mm

Figure 6.3. Scaffolds printed from Objet 30 machine
The dimension of a component of blood vessels is of the order of microns; as such,
before making scaffold or using a biocompatible material, it is important to verify
whether an AM device could print the component up-to the required dimension. This
printing experiment was done to investigate whether or not that dimensional accuracy
could be achieved. The results showed that AM of scaffolds to mimic the media and
adventitia layers could not be done using in-house machines.
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6.2 Current Design Concept
Initially, all the possibilities for the fabrication of scaffold of blood vessel were
investigated, which resulted in failure. However, an approach for fabrication of thin
polymeric tubular structure as intima of blood vessel was attempted. This involves the
fabrication using a novel technique. The device for validation of this concept was
designed, and fabrication process was carried out for the thin polymeric layer. Samples
(Figure 6.4) were prepared using a solution of PCL, acetone, and acetic acid.

Figure 6.4. Photographs of the fabricated thin PCL tubular structure
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6.2.1 Viscosity
The concentration of PCL was varied with the solvent concentration of acetone and acetic
acid as 80% and 20% respectively. Its viscosity was investigated before performing any
further tests. Rotational viscometer (Fungilab, Viscolead One) was used to investigate the
viscosity of the solution. After analyzing the viscosity, it was observed that, as the
concentration of the solution increased, its dynamic viscosity increased (Table 6.1).

Table. 6.1. Viscosity of the PCL, acetone, and acetic acid solution, at room temperature
Solution

Viscosity

Concentration

(cP)

10%

136.0

15%

687.8

6.2.2 Layer Thickness
Results of the thickness of the structure, as a function of solution concentration and RPM,
are given in Table 6.2, Table 6.3, and Figure 6. 5. In a healthy human subject in the age
group 60 ±10 years, the thickness of the intima is in range of 0.074 ± 0.015 mm [17].
Thus, in the present work, we aimed to achieve this figure.
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Table 6.2. Average thickness of the layer at 50, 75, and 100 RPM with 10% polymer
solution concentration
10% Concentration
ID
50 RPM

75 RPM

100
RPM

Sample - 1
Sample - 2
Sample - 3
Sample - 1
Sample - 2
Sample - 3
Sample - 1
Sample - 2
Sample - 3

Average Thickness
[mm]

Micrometer Reading
0.06
0.04
0.03
0.03
0.02
0.05
0.03
0.03
0.02

0.04
0.06
0.04
0.02
0.04
0.06
0.03
0.02
0.03

0.02
0.05
0.05
0.04
0.03
0.04
0.04
0.04
0.01

0.05
0.05
0.04
0.02
0.02
0.05
0.03
0.05
0.02

0.04
0.05
0.04
0.03
0.04
0.02
0.04
0.06
0.01

0.044 ± 0.011

0.034 ± 0.013

0.031 ± 0.014

Table 6.3. Average thickness of the layer at 50, 75, and 100 RPM with 15% polymer
solution concentration
15% Concentration
ID
50 RPM

75 RPM

100 RPM

Sample 1 0.0.8
Sample 2 0.09
Sample 3 0.09
Sample 1 0.07
Sample 2 0.07
Sample 3 0.08
Sample 1 n/a
Sample 2 n/a
Sample 3 n/a

Average
Thickness

Micrometer Reading
0.07
0.07
0.06
0.07
0.07
0.06
n/a
n/a
n/a

0.08
0.08
0.09
0.08
0.06
0.07
n/a
n/a
n/a
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0.09
0.08
0.12
0.08
0.08
0.07
n/a
n/a
n/a

0.09
0.08
0.08
0.09
0.07
0.08
n/a
n/a
n/a

0.084 ± 0.014

0.073 ± 0.008

n/a

Figure 6.5. Variation of mean layer thickness polymer solution concentration and RPM

The mean thickness of PCL was found to be different across different RPM values at
10% solution concentration. The mean thickness of PCL was 0.044, 0.034, and 0.031 mm
for 50, 75 and 100 RPM respectively. The non-parametric Kruskal-Wallis Test showed
that difference in mean thickness across these different RPM groups was statistically
significant (p = 0.015). On deeper pairwise analysis, the difference in means were
statistically significant between 50 and 75 RPM groups (p=0.031) and, between 50 and
100 RPMs (p=0.007). However, the mean thickness of PCL between 75 and 100 RPM
groups was not statistically significant (p=0.523).
Similarly, the mean thickness of PCL was found to be significantly different across
different solution concentration groups at a fixed RPM value. The significance values
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were p < 0.0001 and p < 0.001 at 50 and 75 RPMS respectively for the difference of
mean thickness of PCL between 10% and 15% solution concentrate.
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6.2.3 Mechanical Properties
10% Polymer Solution Concentration and 50 RPM
The stress-strain results are presented in Figures 6.6 and 6.7. All the samples which had
the thickness of 0.04 mm showed necking (large reduction in the gage section thickness)
while testing, but the other samples did not show any necking behavior. Direct fracture at
the maximum load point was observed with the samples that had thickness of 0.04 mm.
The index on the figure represents the identity of sample.

Figure 6.6. Stress vs. strain curves: 10% polymer solution concentration and 50 RPM
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Figure 6.7. Stress vs. strain curves: 10% polymer solution concentration and 50 RPM

Figure 6.7 is the representation of the graph of stress vs. strain, where all the data of the
sample were taken up-to its maximum load point, and all the noise recorded during
experimentation were filtered. Figure 6.8 shows the average stress vs. strain for this
configuration. The solid line represents the average stress vs. strain, whereas the dot
represents the standard deviation from their respective stress.
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Figure 6.8. Average stress vs. strain: 10% polymer solution concentration and 50 RPM
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10% Polymer Solution Concentration and 75 RPM
The stress-versus-strain results are presented in Figures 6.9 and 6.10. The only sample
which showed the necking behavior was Sample 1, while of the other samples showed
fracture at the maximum load point.

Figure 6.9. Stress vs. strain curves: 10% polymer solution concentration and 75 RPM

Figure 6.9 shows the stress behavior of the printed layer concerning the strain.
Figure 6.10 shows the relation between the average stress with the strain. The solid line
represents the average stress, whereas the dotted line represents the standard deviation of
the strain.
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Figure 6.10. Average stress vs. strain for 10% polymer solution concentration and
75 RPM

10% Polymer Solution Concentration and 100 RPM
Although thin polymeric tube was fabricated, mechanical testing could not be performed
because in the majority of cases, the thickness of the dog-bone sample was below
0.3 mm. The tensile test machine which was used for this testing did not compile the
results below the thickness of 0.3 mm. Thus, the testing could not be performed in this
configuration.
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15% Polymer Solution Concentration and 50 RPM
The stress-versus-strain results are presented in Figures 6.11 and 6.12. The only sample
which showed necking behavior before fracture was Sample 5, while each of the other
samples fractured at the maximum load point. Figure 6.11 shows the stress behavior of
the printed layer concerning the strain.

Figure 6.11. Stress vs. strain curves: 15% polymer solution concentration and 50 RPM
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Figure 6.12 shows the average stress vs. strain graph with its standard deviation for the
stress.

Figure 6.12. Average stress vs. strain curve: 15% polymer solution concentration and
50 RPM

15% Polymer Solution Concentration and 75 RPM
The stress-strain results are presented in Figures 6.13 and 6.14. The only sample which
showed the necking behavior before fracture was Sample 3, while each of the other
samples fractured at the maximum load point.
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Figure 6.13. Stress vs. strain curves: 15% polymer solution concentration and 75 RPM
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Figure 6.14. Average stress vs. strain curve: 15% polymer solution concentration and
75 RPM

15% Polymer Solution Concentration and 100 RPM
Fabrication of thin polymeric tubular structure was attempted; however, consistent layer
could not be achieved. Formation of beads was observed; thus, a consistent thin
polymeric tubular structure could not be manufactured using these conditions.
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Modulus of Elasticity

A summary of the modulus of elasticity (E) results is given in Figure 6.15, showing that
the highest E (320 ± 45 MPa) was obtained when the combination of 15% polymer
solution concentration and 75 RPM was used.

Figure 6.15. Summary of modulus of elasticity results
At 10% concentration, the mean Young’s modulus at 75RPM 45.735 MPa was
significantly larger than mean modulus value of 30.640 MPa at 50 RPM (p = 0.011 from
Man-Whitney Significance Test). Similarly, for 15% solution concentration the mean
modulus of elasticity value of PCL at 75 RPM 323.265 MPa was also significantly larger
than mean modulus value of 85.278 MPa at 50RPM (p = 0.001 from Man-Whitney
Significance Test). Therefore, the mean Young’s modulus value of PCL significantly
increases with increase in RPM of collector shaft across both solution concentration.
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Yield Strength

A summary of the yield strength (YS) results is given in Figure 6.16, showing that the
highest YS (14.0 ± 1.1 MPa) was obtained when the combination of 15% polymer
solution concentration and 75 RPM was used.

Figure 6.16. Summary of the yield strength (0.2% offset strength) results
At 10% concentration, the mean yield strength at 0.2% offset value of PCL at 75 RPM
4.894 MPa was significantly larger than mean yield strength value of 3.523 MPa at
50RPM (p = 0.002 from Man-Whitney Significance Test). Similarly, for 15% solution
concentration, the mean yield strength value of PCL at 75RPM 14.195 MPa was also
significantly larger than mean yield strength value of 9.405 MPa at 50RPM (p = 0.001
from Man-Whitney Significance Test). Therefore, the mean yield strength at 0.2% offset
value of PCL significantly increases with increase in RPM of collector shaft across both
solution concentration.
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Ultimate Tensile Strength

A summary of the ultimate tensile strength (UTS) results is given in Figure 6.17, showing
that the highest YS (19.7 ± 1.0 MPa) was obtained when the combination of 15%
polymer solution concentration and 75 RPM was used.

Figure 6.17. Summary of the ultimate tensile strength results
At 10% concentration, the mean UTS value of PCL at 75RPM 9.694 MPa was
significantly larger than mean UTS value of 5.625 MPa at 50RPM (p = 0.007 from ManWhitney Significance Test). Similarly, for 15% solution concentration the mean UTS
value of PCL at 75RPM 19.685 MPa was also significantly larger than mean UTS value
of 14.533 MPa at 50RPM (p = 0.001 from Man-Whitney Significance Test). Therefore,
the mean UTS value of PCL significantly increases with increase in RPM of collector
shaft across both solution concentration.
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Fracture strength
A summary of the fracture strength (FS) results is given in Figure 6.18, showing that the
highest FS (18.4 ± 3.4 MPa) was obtained when the combination of 15% polymer
solution concentration and 75 RPM was used.

Figure 6.18. Summary of stress at fracture results
At 10% concentration, the mean fracture strength of PCL at 75RPM 7.560 MPa was
significantly larger than mean fracture strength value of 2.842 MPa at 50RPM (p < 0.007
from Man-Whitney Significance Test). Similarly, for 15% solution concentration the
mean fracture strength value of PCL at 75RPM 18.452 MPa was also significantly larger
than mean fracture strength value of 13.62 MPa at 50RPM (p < 0.017 from Man-Whitney
Significance Test). Therefore, the mean fracture strength value of PCL significantly
increases with increase in RPM of collector shaft across both solution concentration.
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Summary
Table 6.5 contains the summary of the thickness and tensile properties. Note that, to the
best of our knowledge, there are no literature results on the tensile properties of the
intima layer of a human blood vessel to which the present results could be compared.

Table 6.5. Summary of the thickness and tensile properties
Solution
Percentage
10%

15%

RPM

Average
Thickness [mm]

50
75
100
50
75
100

0.044 ± 0.011
0.035 ± 0.013
0.032 ± 0.015
0.084 ± 0.014
0.073 ± 0.008
n/a

Modulus of
Elasticity
[MPa]
30.6 ± 6.9
45.7 ± 12.7
n/a
85.3 ± 23.0
323.3 ± 52.8
n/a

Yield
Strength
[MPa]
3.5 ± 0.6
4.9 ± 0.9
n/a
9.4 ± 1.7
14.2 ± 1.4
n/a

UTS
[MPa]
5.6 ± 1.4
9.7 ± 3.0
n/a
14.5 ± 1.7
19.7 ± 1.0
n/a

Fracture
Strength
[MPa]
2.8 ± 1.9
7.6 ± 2.8
n/a
13.6 ± 3.6
18.4 ± 3.4
n/a

It was observed that when the RPM for a particular solution concentration was increased,
a significant decrease of thickness form 50 RPM to 75 RPM was observed. Also, it was
observed that the Modulus of elasticity, yield strength at 0.2% offset, UTS and fracture
strength of the thin polymer tubular structure showed a significant increase on those
properties. Mann-Whitney U test for independent samples also determines the data
recorded has the significant difference. This behavior could be linked to the porosity of
the layer, thus Scanning electron microscopy (SEM, FEI Nova Nano 650) was used to
obtain the image of inner as well as outer surface of the sample. Small trimmed piece was
cut from the sample of each concentration at a specific RPM. The sample were sputter
coated goldpalladium (5 nm - thickness) using an EMS 550X Sputter Coater before SEM
imaging.
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Inner Layer

Outer Layer

Figure 6.19. SEM image of inner and outer layer of sample at 10% polymer
concentration 50 RPM
Inner Layer
Outer Layer

Figure 6.20. SEM image of inner and outer layer of sample at 10% polymer
concentration 75 RPM

88

Inner Layer

Outer Layer

Figure 6.21. SEM image of inner and outer layer of sample at 15% polymer
concentration 50 RPM
Inner Layer
Outer Layer

Figure 6.22. SEM image of inner and outer layer of sample at 15% polymer
concentration 75 RPM

Figure 6.19, 6.20, 6.21 and 6.22 show the SEM image of inner and outer layer of the
sample at 10% and 15% polymer concentration for 50 RPM and 75 RPM respectively.
Initially, the white spots on the figure are the dust particles which were attached with the
layer. It was observed that for a steady concentration of polymer solution when the RPM
was increased, the inner layer of the samples shows decrease in the pore size. The layer
becomes stiffer when the pore sizes decrease, thus the modulus of elasticity for the layer
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increases with the increase in other properties (yield strength, UTS and fracture strength).
The outer layer of the tube contains less pores than that of the inner layer, except at 10%
solution concentration 50 RPM. It has also been observed that the pore size decreases
with the increase in RPM for the outer layer of the sample. According to the image the
surface of requisite layer must be as seen in Fugure 6.22 with 15% polymer concentration
at 75 RPM where the layer has consistent smoothness with minimum porosity.

Table 6.6. Summary of the manufacturing techniques
Additive
Manufacturing
Is a point AM
technique

Near Field
Electrospinning
It is fiber
It is fiber manufacture
manufacture
technique
technique
Electrospinning

Precise point
control

Fiber deposition
cannot be controlled

Fiber deposition
could be
controlled

Cannot produce
smooth layer
< 100 microns
for intima layer

Cannot produce
smooth layer for
intima

Cannot produce
smooth layer for
intima

Current Technique
It is a layer AM technique
Layer thickness can be
controlled by controlling
percentage concentration
and RPM
Can produce smooth layer
for intima

Table 6.6 is the summary of manufacturing techniques as reported earlier and
designed. The current technique is capable of producing a thin polymeric tubular
structure for intima layer of a blood vessel with proper porosity at the inner and outer
layer of the structure.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY
7.1 Conclusions
(1) Three in-house AM machines were used to print samples. These machines and the
AM principles involved were MakerBot Replicator Z18 (FDM), Project 1200 (micro SL),
and Oject 30 (Polyjet 3D printing). None of the machines produced samples with
requisite thickness to be considered suitable for printing a thin polymeric tubular
structure that could mimic properties of the intima layer of a blood vessel.

(2) In light of the outcome in (1) above, a technique for fabricating a thin polymeric
tubular structure was designed. Two devices were designed and built for this purpose;the
significant difference between them being in the way the polymer was used. The initial
concept was to heat the polymer up to its melting point and coat the collector rod for
obtaining the thin layer of the polymeric tubular structure. The polymer was heated
beyond the melting point, and up to 76 oC, but the melt pool was highly viscous, making
it unsuitable to use this technique. Furthermore, the fabrication process was very
expensive. In the alternative concept, a new machine was designed and built. Some key
parts of this machine were the polymer solution container, a drive shaft, and a collector
rod. With this machine, a polymer solution was used for fabricating the thin polymeric
tubular structure. This solution comprised PCL, acetone, and acetic acid. The process
variables were the concentration of the polymer solution (10% and 15%) and the speed of
the collector rod (50, 75, and 100 rpm). A structure with the requisite thickness (of the
order of 0.074 ± 0.015 mm) was successfully fabricated using this method when a
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combination of either polymer solution concentration of 15% and 50 rpm polymer
solution concentration and 75 rpm was used. Each of the tensile properties that were
determined for the structure (modulus of elasticity, yield strength, ultimate tensile
strength, and fracture strength) was significantly higher when the latter combination was
used. As such, it is preferred.

7.2 Recommendations
(1) Improvements in the design of the set-up used in the novel AM technique should be
made. Two examples are given. First, there was some amount of evaporation of the
solvent, with much of the condensate sticking on the wall of the solution chamber and the
driving shaft. This meant that the solution concentration changed during the testing.
Thus, a properly sealed device that would ensure minimum waste should be designed.
Second, during the fabrication while retracting the polymer out of the polymer solution
chamber, a certain amount of air got into the syringe. While injecting the solution back
inside the chamber in the next consecutive fabrication run, these droplets surrounded the
collector rod and got trapped, forming air-droplet pockets. This resulted in a non-uniform
layer. Ways to eliminate these flaws should be investigated.

(2) At the end of each fabrication run, the whole device was disassembled for it to be
thoroughly cleaned. All the fittings and corners were cleaned because there is always a
chance that there was some polymer solution residue, which eventually, could clog up the
device. Thus, a system or mechanism must be developed to make the cleaning easy and
efficient.
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(3) With the novel AM technique, the structure obtained when the combination of 15%
polymer solution concentration and 100 RPM was used was unacceptable. Specifically,
droplets formed along the sample surface. The reasons for this behavior should be
determined.

(4) During the tension tests, it was observed that some samples, especially those with
thickness < 0.04 mm, showed necking before fracture. This behavior should be
investigated.

(5) More properties of the tubular structures should be determined; in particular, its
viscoelastic properties. With regard to the lattermost properties, the suggestion is that the
applicability of the models described in sub-section 2.3 be investigated.

93

References
[1]

Ventola CL. Medical applications for 3D printing : Current and projected uses.
Pharm Ther 2014;39:704–11.

[2]

Schubert C, Langeveld MC Van, Donoso LA. Innovations in 3D printing : a 3D
overview from optics to organs. He Br J Ophthalmol 2014;98:159–61.

[3]

REDAPT fully porous cup - Design Rationale. Smith&Nephew, Inc 2016.

[4]

Tunchel S, Blay A, Kolerman R, Mijiritsky E, Shibli JA. Clinical Study - 3D
printing/ additive manufacturing single Titanium dental implants : A prospective
multicenter study with 3 years of follow-up. Int J Dent 2016;2016:1–9.

[5]

Frederic H. Martini EFB. Essential of anatomy and physiology. 6th ed. Pearson;
2013.

[6]

Nerem, Robert M. and DS. Vascular tissue engineering. Annu Rev Biomed Eng
2001;3:225–43.

[7]

Alexander JH, Smith PK. Coronary-artery bypass grafting. N Engl J Med
2016;374:1954–64.

[8]

Sell SA, McClure MJ, Garg K, Wolfe PS, Bowlin GL. Electrospinning of
collagen/biopolymers for regenerative medicine and cardiovascular tissue
engineering. Adv Drug Deliv Rev 2009;61:1007–19.

[9]

Ma Z, Kotaki M, Yong T, He W, Ramakrishna S. Surface engineering of
electrospun polyethylene terephthalate (PET) nanofibers towards development of a
new material for blood vessel engineering. Biomaterials 2005;26:2527–36.

[10] Hutmacher DW, Woodfield TBF, Dalton PD. Tissue engineering, scaffold design
and fabrication-Chapter 14. Elsevier; 2008.

94

[11] Jacob MP. Extracellular matrix remodeling and matrix metalloproteinases in the
vascular wall during aging and in pathological conditions. Biomed Pharmacother
2003;57:195–202.
[12] Zhang WJ, Liu W, Cui L, Cao Y. Tissue engineering of blood vessel. J Cell Mol
Med 2007;11:945–57.
[13] Johnson P. Handbook of physiology: The cardiovascular system. Am Physiol Soc
1980.
[14] Nemeno-guanzon JG, Lee S, Berg JR, Jo YH, Yeo JE, Nam BM, et al. Review
article: Trends in tissue engineering for blood vessels. J Biomed Biotechnol
2012;2012.
[15] Herring M, Gardner A, Glover J. A single staged technique for seeding vascular
grafts with autogenous endothelium. Surgery 1978;84:498–508.
[16] Santhiyakumari N, Rajendran P, Madheswaran M, Suresh S. Detection of the
intima and media layer thickness of ultrasound common carotid artery image using
efficient active contour segmentation technique. Med Biol Eng Comput
2011;49:1299–310.
[17] Myredal A, Osika W, Gan LM. Increased intima thickness of the radial artery in
patients with coronary heart disease. Vasc Med 2009;15:33–7.
[18] Nielsen LF. Power-Law creep as related to adapted Burgers creep representations
and incremental analysis. BYG Rapp 2006;No. R-137.
[19] Findley WN. Creep and relaxation of nonlinear viscoelastic materials. New York:
Dover Publication, INC.; 2013.

95

[20] Martins C, Pinto V, Miranda R, Marques AT. Creep and stress relaxation
behaviour of PLA-PCL fibres – A linear modelling approach. Procedia Eng
2015;114:768–75.
[21] Rowe SL, Stegemann JP. Microstructure and mechanics of collagen-fibrin
matrices polymerized using Ancrod snake venom enzyme. J Biomech Elngineering
2017;131:1–9.
[22] Duling RR, Dupaix RB, Katsube N, Lannutti J. Mechanical characterization of
electrospun Polycaprolactone (PCL): A potential scaffold for tissue engineering. J
Biomech Eng 2017;130:1–13.
[23] Wong K V., Hernandez A. A review of additive manufacturing. ISRN Mech Eng
2012;2012:1–10.
[24] Paulic M, Irgolic T, Balic J, Cus F, Cupar A, Brajlih T, et al. Reverse engineering
of parts with optical scanning and additive manufacturing. Procedia Eng
2014;69:795–803.
[25] Guo N, Leu MC. Additive manufacturing : technology , applications and research
needs. Front Mech Eng 2013;8:215–43.
[26] Shishkovsky I, Yadroitsev I, Bertrand P, Smurov I. Alumina – zirconium ceramics
synthesis by selective laser sintering / melting. Appl Surf Sci 2007;254:966–70.
[27] Melchels FPW, Domingos MAN, Klein TJ, Malda J, Bartolo PJ, Hutmacher DW.
Progress in polymer science additive manufacturing of tissues and organs. Prog
Polym Sci 2012;37:1079–104.
[28] Dandgaval O, Bichkar P. Rapid prototyping technology - Study of fused
deposition modeling technique. Int J Mech Prod Eng 2016;4.

96

[29] Zein I, Hutmacher DW, Cheng K, Hin S. Fused deposition modeling of novel
scaffold architectures for tissue engineering applications. Biomaterials
2002;23:1169–85.
[30] Hutmacher DW, Schantz T, Zein I, Ng KW, Teoh SH, Tan KC. Mechanical
properties and cell cultural response of polycaprolactone scaffolds designed and
fabricated via fused deposition modeling. J Biomed Mater Res 2001;55:203–16.
[31] Melchels FPW, Feijen J, Grijpma DW. A review on stereolithography and its
applications in biomedical engineering. Biomaterials 2010;31:6121–30.
[32] Pham D., Gault R. A comparison of rapid prototyping technologies. Int J Mach
Tools Manuf 1998;38:1257–87.
[33] Williams JM, Adewunmi A, Schek RM, Flanagan CL, Krebsbach PH, Feinberg
SE, et al. Bone tissue engineering using polycaprolactone scaffolds fabricated via
selective laser sintering. Biomaterials 2005;26:4817–27.
[34] Cazón A, Morer P, Matey L. PolyJet technology for product prototyping: Tensile
strength and surface roughness properties. Proc Inst Mech Eng Part B J Eng Manuf
2014;228:1664–75.
[35] Spallek J, Krause D. Comparing technologies of additive manufacturing for the
development of vascular models. Fraunhofer Direct Digit. Manuf. Conf., 2016.
[36] Lamberti G, Titomanlio G. Width distribution along draw direction in the film
casting process 1999.
[37] Acierno D, Di Maio LD, Cuccurullo G. Analysis of temperature fields in film
casting. J Polym Eng 1999;19:75–94.

97

[38] Carlone P, Palazzo GS, Pasquino R. Modelling of film casting manufacturing
process longitudinal and transverse stretching. Math Comput Model
2005;42:1325–38.
[39] Aniunoh KK, Harrisony GM. Experimental investigation of film formation: film
casting. J Plast Film Sheeting 2006;22:177–92.
[40] Parikh T, Gupta SS, Meena AK, Vitez I, Mahajan N, Serajuddin ATM.
Application of film-casting technique to investigate drug-polymer miscibility in
solid dispersion and hot-melt extrudate. J Pharm Sci 2015;104:2142–52.
[41] Siemann U. Solvent cast technology - A versatile tool for thin film production.
Prog Colloid Polym Sci 2005;130:1–14.
[42] Smita Mohanty MC. Effect of different solvents in solvent casting of porous
scaffolds – In biomedical and tissue engineering applications. J Tissue Sci Eng
2015;6:1–7.
[43] Reitzenstein NH Von, Bi X, Yang Y, Hristovski K, Westerhoff P. Morphology,
structure, and properties of metal oxide/polymer nanocomposite electrospun mats.
J Appl Polym Sci 2016;133.
[44] Andrady AL. Science and technology of polymer nanofibers. Hoboken, New
Jersey: John Wiley & Sons; 2008.
[45] Reneker DH, Fong H. Introduction. Polym. Nanofibers, ACS Publications; 2006,
p. 1–6.
[46] Formhals A. Process and appratus for preparing artificial threads. US Pat 1975504
1934.

98

[47] Subbiah T, Bhat GS, Tock RW, Parameswaran S, Ramkumar SS. Electrospinning
of nanofibers. J Appl Polym Sci 2004;96:557–69.
[48] Formhals A. Method of producing artificial fibers. US Pat 2158415, 1939.
[49] Taylor G. Disintegration of water drops in an electric field. Mathmatical, Phys Eng
Sci 1964;280:383–97.
[50] Baumgarten PK. Electrostatic spinning of acrylic microfibers. J Colloid Interface
Sci 1971;36:71–9.
[51] Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun nanofibrous
structure: A novel scaffold for tissue engineering. J Biomed Mater Res
2002;60:613–21.
[52] Tucker N, Stanger J. The history of the science and technology of electrospinning
from 1600 to 1995. J Eng Fiber Fabr 2012;7:63–73.
[53] Teo WE, Ramakrishna S. Tropical review: A review on electrospinning design and
nanofibre assemblies. Nanotechnology 2006;17:R89.
[54] Zhao S, Wu X, Wang L, Huang Y. Electrostatically generated fibers of ethylcyanoethyl cellulose. Cellulose 2003;10:405–9.
[55] Shin YM, Hohman MM, Brenner MP, Rutledge GC. Electrospinning: A whipping
fluid jet generates submicron polymer fibers. Appl Phys Lett 2001;78:1149–51.
[56] Agarwal S, Wendorff JH, Greiner A. Use of electrospinning technique for
biomedical applications. Polymer (Guildf) 2008;49:5603–21.
[57] Bhardwaj N, Kundu SC. Electrospinning : A fascinating fiber fabrication
technique. Biotechnol Adv 2010;28:325–47.

99

[58] Yarin AL, Koombhongse S, Reneker DH. Taylor cone and jetting from liquid
droplets in electrospinning of nanofibers. J Appl Phys 2001;90:4836–46.
[59] Dhandayuthapani B, Yoshida Y, Maekawa T, Kumar DS. Polymeric scaffolds in
tissue engineering application: A review. Int J Polym Sci 2011;2011.
[60] Rutledge GC, Fridrikh S V. Formation of fibers by electrospinning. Adv Drug
Deliv Rev 2007;59:1384–91.
[61] Tan SH, Inai R, Kotaki M, Ramakrishna S. Systematic parameter study for ultrafine fiber fabrication via electrospinning process. Polymer (Guildf) 2005;46:6128–
34.
[62] Elahi F, Lu W, Guoping G, Khan F. Core-shell fibers for biomedical applicationsA Review. J Bioeng Biomed Sci 2013;3:1–14.
[63] Li D, Xia Y. Electrospinning of nanofibers: Reinventing the wheel. Adv Mater
2004;16:1151–70.
[64] Son WK, Youk JH, Lee TS, Park WH. The effects of solution properties and
polyelectrolyte on electrospinning of ultrafine poly(ethylene oxide) fibers.
Polymer (Guildf) 2004;45:2959–66.
[65] Li Z, Wang C. Effects of working parameters on electrospinning. OneDimensional Nanostructures, Springer Berlin Heidelberg; 2013, p. 15–28.
[66] Fong H, Fong H, Chun I, Chun I, Reneker D, Reneker D. Beaded nanofibers
formed during electrospinning. Polymer (Guildf) 1999;40:4585–92.
[67] Zhao YY, Yang QB, Lu XF, Wang C, Wei Y. Study on correlation of morphology
of electrospun products of polyacrylamide with ultrahigh molecular weight. J
Polym Sci Part B Polym Phys 2005;43:2190–5. doi:10.1002/polb.20506.

100

[68] Thompson CJ, Chase GG, Yarin AL, Reneker DH. Effects of parameters on
nanofiber diameter determined from electrospinning model. Polymer (Guildf)
2007;48:6913–22.
[69] Mit-uppatham C, Nithitanakul M, Supaphol P. Ultrafine electrospun polyamide-6
fibers: Effect of solution conditions on morphology and average fiber diameter.
Macromol Chem Phys 2004;205:2327–38.
[70] De Vrieze S, Van Camp T, Nelvig A, Hagström B, Westbroek P, De Clerck K.
The effect of temperature and humidity on electrospinning. J Mater Sci
2009;44:1357–62.
[71] Casper CL, Stephens JS, Tassi NG, Chase DB, Rabolt JF. Controlling surface
morphology of electrospun polystyrene fibers: Effect of humidity and molecular
weight in the electrospinning process. Macromolecules 2004;37:573–8.
[72] Zheng G, Li W, Wang X, Wu D. Precision deposition of a nanofibre by near-field
electrospinning. J Phys D Appl Phys 2010;43:415501.
[73] Sun D, Chang C, Li S, Lin L. Near-Field electrospinning. Nano Lett 2006;6:839–
42.
[74] Chang C, Limkrailassiri K, Lin L, Chang C, Limkrailassiri K, Lin L. Continuous
near-field electrospinning for large area deposition of orderly nanofiber patterns
Continuous near-field electrospinning for large area deposition of orderly
nanofiber patterns. Appl Phys Lett 2014;93:123111.
[75] Fattahi P, Dover JT, Brown JL. 3D near-field electrospinning of biomaterial
microfibers with potential for blended microfiber-cell-loaded gel composite
structures. Adv Healthc Mater 2017;6:1–9.

101

[76] Okada M. Chemical syntheses of biodegradable polymers. Prog Polym Sci
2002;27:87–133.
[77] Bret D. Ulery, Lakshmi S. Nair CT, Laurencin. Biomedical applications of
biodegradable polymers. J Polym Sci Part B Polym Phys 2012;49:832–64.
[78] Labet M, Thielemans W. Synthesis of polycaprolactone : a review. Chem Soc Rev
2009;38:3484–504.
[79] Sinha VR, Bansal K, Kaushik R, Kumria R, Trehan A. Poly-ε-caprolactone
microspheres and nanospheres : an overview. Int J Pharm 2004;278:1–23.
[80] Middleton JC, Tipton AJ. Synthetic biodegradable polymers as orthopedic devices.
Biomaterials 2000;21:2335–46.
[81] Vroman I, Tighzert L. Review: Biodegradable polymers. Materials (Basel)
2009;2:307–44.
[82] Woodruff MA, Hutmacher DW. The return of a forgotten polymer Polycaprolactone in the 21st century. Prog Polym Sci 2010;35:1217–56.
[83] Lee SH, Kim BS, Kim SH, Choi SW, Jeong SI, Kwon IK, et al. Elastic
biodegradable poly(glycolide-co-caprolactone) scaffold for tissue engineering. J
Biomed Mater Res Part A 2003;66:29–37.
[84] Barnes CP, Sell SA, Boland ED, Simpson DG, Bowlin GL. Nanofiber technology:
Designing the next generation of tissue engineering scaffolds. Adv Drug Deliv Rev
2007;59:1413–33.
[85] ACRYLITE Chemical Resistance Chart. New Jersey: CYRO Indusstries; 2001.
[86] Chemical resistance of Polycarbonate products. PALRAM Industries; n.d.

102

[87] Chemical resistance of aluminium in contact with important agents. Solingen: Item
Industriestechnik GmbH; 2015.
[88] Chemical compatibility. Minneapolis: GRACO Manufacturing Company; 2013.
[89] Labware chemical resistance table. Waltham: Thermo Fisher Scientific; n.d.
[90] Polypropylene chemical compatibility chart. Englewood: Industrial Specialties
Mfg. & IS Med Specialties (ISM); n.d.
[91] 17MDSI Series - Stepper Motor / Driver / Controller 17MDSI Series - User’s
Guide. Anaheim: Anaheim Automation; 2016.
[92] Chen J, Gardner DJ. Dynamic mechanical properties of extruded nylon–wood
composites. Polym Compos 2008;29:372–9.
[93] American National Standard “Cardiovascular Implants - Vascular Graft
Prostheses.” Assoc Adv Med Instrum 1994.
[94] Selders GS, Fetz AE, Speer SL, Bowlin GL. Fabrication and characterization of
air-impedance electrospun polydioxanone templates. Electrospinning 2015;1:20–
30.

103

Appendix-A Design of the Current Concept
[All the dimensions are in mm]

Figure A.1. Isometric View of the Device

Figure A.2. Front View of the Device
104

[All the dimensions are in mm]

Figure A.3. Top View of the Device

Figure A.4. Collector Rod
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Appendix-B Photographs of the Current Concept

Figure B.1. Photograph of the device

Figure B.2. Photograph of top view of polymer solution chamber

Figure B.3. Photograph of front view of device
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Figure B.4. Photograph of the device with the lid

Figure B.5. Photograph of collector stand with the collector rod

107

